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I. O V E R V I E W  

A r e s e a r c h  p r o g r a m  h a s  b e e n  i n i t i a t e d  t o  e x p e r i m e n t -  

a l l y  s t u d y  t h e  i n t e r a c t i o n  o f  d u s t  g r a i n s  w i t h  a l o w  d e n s i t y  

p l a s m a .  T h i s  p r o g r a m  i s  i n  s u p p o r t  o f  t h e  s t u d y  e n t i t l e d  

" T h e  P h y s i c s  a n d  C h e m i s t r y  o f  D u s t y  P l a s m a s :  A L a b o r a t o r y  

a n d  T h e o r e t i c a l  I n v e s t i g a t i o n "  t h a t  i s  c u r r e n t l y  b e i n g  

c a r r i e d  o u t  b y  s c i e n t i s t s  a t  U C S D  f o r  N A S A .  T h e  w o r k  t o  b e  

p e r f o r m e d  b y  HY-Tech s c i e n t i s t s  i s  c o n c e r n e d  w i t h  u n d e r -  

s t a n d i n g  t h e  p r o c e s s e s  o f  d u s t  g r a i n  a g g r e g a t i o n  t h r o u g h  

e l e c t r o s t a t i c  f o r c e s .  O f  p a r t i c u l a r  i n t e r e s t  a r e  t h e  e f f e c t s  

o f  s e c o n d a r y  e m i s s i o n  f r o m  p a r t i c l e  s u r f a c e s  o n  p a r t i c l e  

a g g r e g a t i o n  a n d  t h e  e f f e c t  o f  p o l a r i z a t i o n  f o r c e s  o n  t h e  

p a r t i c l e  s i z e  a n d  s h a p e .  P h a s e  I o f  t h e  p r o g r a m  i s  d i r e c t e d  

' a t  p r o d u c i n g  a l a b o r a t o r y  e n v i r o n m e n t  . w h e r e .  t h e  e f f e c t  o f  

p l a s m a  i n t e r a c t i o n s  w i t h  d u s t  g r a i n s  c a n  b e  s t u d i e d .  T h e  

p r i m a r y  t a s k s  t o  b e  c o m p l e t e d  i n  t h i s  p h a s e  a r e  s u m m a r i z e d  

b e l o w .  

T a s k  1 )  D e s i g n  a n d  c o n s t r u c t  a d u s t  p a r t i c l e  g e n e r a t o r  
c a p a b l e  o f  p r o d u c i n g  a b e a m  o f  m e t a l l i c  d u s t  
p a r t i c l e s .  

T a s k  2 )  D e t e r m i n e  t h e  e f f e c t s  o f  t h e  d u s t  g e n e r a t o r  
p a r a m e t e r s  o n  p a r t i c l e  s i z e  a n d  v e l o c i t y .  

T a s k  3 )  C o n s t r u c t  a p l a s m a  c h a m b e r  f o r  d u s t  b e a m -  
p l a s m a  i n t e r a c t i o n  s t u d i e s .  

T a s k  4 )  M e a s u r e  t h e  e n e r g y  d i s t r i b u t i o n  o f  d u s t  b e a m  
p a r t i c l e s  c h a r g e d  d u r i n g  t h e i r  t r a v e r s a l  o f  t h e  
p l a s m a  u s i n g  a r e t a r d i n g  p o t e n t i a l  a n a l y z e r .  

r e p o r t i n g  p e r i o d .  T h e  r e p o r t s  w i l l  c o n s t i t u t e  
d e l i v e r a b l e s  o n  t h e  s u b c o n t r a c t .  

T a s k  5 )  S u b m i t  b i m o n t h l y  r e p o r t s  o n  p r o g r e s s  d u r i n g  



11. A C T I V I T I E S  F O R  R E P O R T I N G  P E R I O D  6 / 1 / 8 3  t o  9/30/83. 

o T h e  d u s t  beam g e n e r a t o r  c a l l e d  f o r  i n  T a s k  I h a s  b e e n  
c o n s t r u c t e d .  T h e  s y s t e m  c o n s i s t s  o f  a h e a t e d  c r u c i b l e  
e n c l o s e d  i n  a w a t e r  c o o l e d  c h a m b e r  t h a t  h a s  b e e n  
e v a c u a t e d  a n d  b a c k  f i l l e d  w i t h  a r g o n  g a s .  T h i s  d u s t  
g e n e r a t o r  i s  c o n n e c t e d  t o  a s e r i e s  o f  d i f f e r e n t i a l l y  
pumped  c h a m b e r s  b y  a 1 m m  d i a  t u b e  1 5  cm l o n g  a s  s h o w n  
i n  F i g .  1 .  T h e  d i f f e r e n c t i a l l y  p u m p e d  c h a m b e r s  a r e  
s e p a r a t e d  b y  l m m  d i a  x 1 c m  l o n g  t u b e  t o  c o l l i m a t e  t h e  
d u s t  p a r t i c l e s  i n t o  a w e l l  d e f i n e d  b e a m .  

o T h e  p l a s m a  c h a m b e r  f o r  t h e  d u s t  b e a m - p l a s m a  i n t e r a c t i o n  
s t u d i e s  c a l l e d  f o r  i n  T a s k  3 h a s  b e e n  c o n s t r u c t e d .  T h e  
c o m p l e t e  p l a s m a  s y s t e m  w i t h  e l e c t r o d e s  a n d  L a n g m u i r  
p r o b e  f o r  m e a s u r i n g  t h e  p l a s m a  c h a r a c t e r i s t i c s  i s  s h o w n  

. i n  F i g .  2 .  To t h i s  p o i n t ,  t h e  p l a s m a  c h a m b e r  a n d  d u s t  
b e a m  g e n e r a t o r  h a v e  b e e n  a s s e m b l e d  a n d  v a c u u m  t e s t e d  
w i t h o u t  t h e  p l a s m a  e l e c t r o d e s  i n  p l a c e .  A s y s t e m  o f  
v a l v e s  a n d  MKS B a r a t i o n . v a c u u m  g u a g e s  h a v e  b e e n  i n c o r -  
p o r a t e d  t o  s e p a r a t e l y  c o n t r o l  t h e  a r g o n  p r e s s u r e  i n  
t h e  d u s t  g e n e r a t o r  a n d ' i n  t h e  p l a s m a  c h a m b e r .  

o T h e  n e c e s s a r y  p o w e r  s u p p l i e s  h a v e  b e e n  o b t a i n e d  t o  
p r o d u c e  t h e  p l a s m a .  

111. A C T I V I T I E S  F O R  NEXT REPORTING PERIOD 10/1/83 t o  1 1 / 3 1 / 8 3 .  

o T h e  t e m p e r a t u r e  c o n t r o l l e r  f o r  t h e  d u s t  g e n e r a t o r  w i l l  
b e  t e s t e d  a n d  t h e  o p t i m a l  v a l u e s  o f  t h e  r a t e  a n d  r e s e t  
a d j u s t e r s  i n  t h e  f e e d b a c k  l o o p  w i l l  b e  d e t e r m i n e d .  

o T h e  d e n s i t y  a n d  t e m p e r a t u r e  o f  t h e  d i s c h a r g e  p l a s m a  w i l l  
b e  d e t e r m i n e d  f o r  a r a n g e  o f  a r g o n  p r e s s u r e s ,  d i s c h a r g e s ,  
v o l t a g e s  a n d  c u r r e n t s .  

o C h a r a c t e r i s t i c s  o f  t h e  d u s t  b e a m  g e n e r a t o r  w i l l  b e  * 

e v a l u a t e d  w i t h o u t  a p l a s m a  d i s c h a r g e .  E f f e c t s  o f  d u s t  
c h a m b e r  p r e s s u r e  a n d  o v e n  t e m p e r a t u r e  o n  t h e  d u s t  
p a r t i c l e  s i z e  w i l l  b e  s t u d i e d .  T e c h n i q u e s  f o r  m e a s u r i n g  
t h e  p a r t i c l e  v e l o c i t y  w i l l  b e  e v a l u a t e d .  

o A r e t a r d i n g  p o t e n t i a l  a n a l y z e r  w i l l  b e  a d d e d  t o  t h e  
s y s t e m .  S a i d  a n a l y z e r  w i l l  b e  o b t a i n e d  f r o m  E .  W h i p p l e .  
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I. O V E R V I E W  

A r e s e a r c h  p r o g r a m  h a s  b e e n  i n i t i a t e d  t o  e x p e r i m e n t a l l y  

s t u d y  t h e  i n t e r a c t i o n  o f  d u s t  g r a i n s  w i t h  a l o w  d e n s i t y  p l a s m a .  

T h e  p r i m a r y  e m p h a s i s  o f  t h e  p r o g r a m  i s  c o n c e r n e d  w i t h  u n d e r -  

s t a n d i n g  t h e  p r o c e s s  o f  d u s t  a g g r e g a t i o n  t h r o u g h  e l e c t r o s t a t i c  

f o r c e s .  Of p a r t i c u l a r  i n t e r e s t  a r e  t h e  e f f e c t  o f  s e c o n d a r y  

e m i s s i o n  f rom p a r t i c l e  s u r f a c e s  o n  p a r t i c l e  a g g r e g a t i o n  a n d  t h e  

e f f e c t  o f  p o l a r i z a t i o n  f o r c e s  o n  t h e  p a r t i c l e  s i z e  a n d  s h a p e .  

P h a s e  I o f  t h e  p r o g r a m  i s  d i r e c t e d  a t  s t u d y i n g  t h e  c h a r g i n g  o f  

d u s t  p a r t i c l e  b e a m s  t r a v e r s i n g  a p l a s m a  w i t h  d i m e n s i o n s  much 

l e s s  t h a n  t h e  m e a n  f r e e  p a t h  o f  t h e  beam p a r t i c l e .  T h e  p r i m a r y  

T a s k s  t o  b e  c o m p l e t e d  i n  t h i s  p h a s e  a r e  s u m m a r i z e d  b e l o w :  

T a s k  1 )  D e s i g n  a n d  c o n s t r u c t  a d u s t  p a r t i c l e  g e n e r a t o r  c a p -  

T a s k  2 )  D e t e r m i n e  t h e  e f f e c t s  o f  t h e  d u s t  g e n e r a t o r  p a r a -  

T a s k  3 )  C o n s t r u c t  a p l a s m a  c h a m b e r  f o r  d u s t  b e a m - p l a s m a  

T a s k  4) M e a s u r e  t h e  e n e r g y  d i s t r i b u t i o n  o f ' d u s t  beam p a r t i -  * 

a b l e  o f  p r o d u c i n g  a b e a m  o f  m e t a l l i c  d u s t  p a r t i c l e s .  

m e t e r s  o n  p a r t i c l e  s i z e  a n d  v e l o c i t y .  

i n t e r a c t i o n  s t u d i e s .  

c l e s  c h a r g e d  d u r i n g  t h e i r  t r a v e r s a l  o f  t h e  p l a s m a  
u s i n g  a r e t a r d i n g  p o t e n t i a l  a n a l y z e r .  

i n g  p e r i o d .  T h e  r e p o r t s  w i l l  c o n s t i t u t e  d e l i v e r a b l e s  
o n  t h e  s u b c o n t r a c t .  

T a s k  5 )  S u b m i t  b i m o n t h l y  r e p o r t s  o n  p r o g r e s s  d u r i n g  r e p o r t -  

T h e  s e c o n d  p h a s e  o f  t h e  p r o g r a m  w i l l  b e  c o n c e r n e d  w i t h  t h e  

e f f e c t  o f  t h e  d u s t  p a r t i c l e  o n  t h e  b a c k g r o u n d  p l a s m a ,  t h e  l o s s e s  

o f  c h a r g e d  d u s t  p a r t i c l e s  f r o m  t h e  p l a s m a  v o l u m e ,  a n d  t h e  c o a l -  

e s e n c e  o f  t h e  d u s t  p a r t i c l e s .  T h e  t h i r d  p h a s e  o f  t h e  p r o g r a m  

w i l l  s t u d y  t h e  d y n a m i c s  o f  t h e  d u s t  a g g r e g a t i o n / d i s r u p t i o n  

p r o c e s s  u s i n g  Mie s c a t t e r i n g  t e c h n i q u e s .  

T h e  work  t o  d a t e  h a s  b e e n  c o n c e r n e d  w i t h  P h a s e  I o f  t h e  

p r o g r a m  a n d  h a s  a d d r e s s e d  T a s k s  1 t h r o u g h  3 o f  t h e  Work S t a t e -  

m e n t .  A d u s t  beam g e n e r a t o r  h a s  b e e n  c o n s t r u c t e d  a n d  t e s t e d  

w h i c h  w i l l  r e l i a b l y  p r o d u c e  b e a m s  o f  m e t a l l i c  b i s m u t h  p a r t i c l e s  

h a v i n g  a mean d i a m e t e r  o f  0.14 t o  0 . 2 2 ~ 1 ~ .  B e a m s  h a v e  b e e n  

g e n e r a t e d  f o r  o v e n  t e m p e r a t u r e s  i n  t h e  r a n g e  o f  700' - 800°C 



. 

a n d  a r g o n  b a c k g r o u n d  p r e s s u r e s  i n  t h e  r a n g e  o f  1 5  t o  30 T O R R .  

T h e  r e s u l t s  i n d i c a t e  t h a t  d u s t  p a r t i c l e s  o f  b i s m u t h  o x i d e s  

c a n  b e  p r o d u c e d  w h i c h  w o u l d  a l l o w  t h e  e x p e r i m e n t a l i s t  t o  v a r y  

t h e  s e c o n d a r y  e l e c t r o n  e m i s s i o n  c h a r a c t e r i s t i c s  o f  t h e  d u s t  

g r a i n s .  P l a s m a  d e n s i t i e s  o f  10"  t o  1 0  / c m 2  a n d  e l e c t r o n  

t e m p e r a t u r e s  o f  3 - 4 e V  h a v e  b e e n  g e n e r a t e d  i n  a h o t  c a t h o d e  

d i s c h a r g e  t u b e  w h i c h  w i l l  s e r v e  a s  t h e  p l a s m a  s o u r c e s  f o r  t h e  

b e a m  p l a s m a  i n t e r a c t i o n s .  O n l y  t h e  beam p a r t i c l e  v e l o c i t y  

h a s  t o  b e  m e a s u r e d  t o  f u l l y  c h a r a c t e r i z e  t h e  b e a m .  

1 2  

11. ACTIVITIES  F O R  REPORTING PERIOD 1 0 / 1 / 8 3  - 1 2 / 3 1 / 8 3 .  
--_-I--_--__----____I________----------- 

A .  DUST G E N E R A T O R  

R e p r o d u c i b l e  b e a m s  of  b i s m u t h  p a r t i c l e s - h a v e  b e e n  g e n e r a -  

t e d  u s i n g  t h e  a p p a r a t u s  shown s c h e m a t i c a l l y  i n  F i g u r e  l .  T h e  

b i s m u t h  i s  h e a t e d  i n  a s t a i n l e s s  s t e e l  c r u c i b l e  i n  t h e  l o w e r  

c h a m b e r  t o  e v a p o r a t e  t h e  m e t a l  w h i c h  t h e n  c o n d e n s e s  i n  t h e  

c o o l e d  c h a m b e r  a b o v e  t h e  o v e n .  T h e  c o n d e n s e d  p a r t i c l e s  f o r m  

a s t r a t a  o f  l i g h t  g r e y  d e p o s i t s  o n  t h e  c h a m b e r  w a l l s  a b o v e  a 

l a y e r  o f  d a r k  g r e y  d e p o s i t s  a s  s e e n  i n  F i g u r e  1. R e l i a b l e  

g e n e r a t i o n  o f  p a r t i c l e  b e a m s  w a s  o b t a i n e d  o n l y  i f  t h e  t u b e  

e x t r a c t i n g  t h e  c o n d e n s e d  p a r t i c l e s  i s  w i t h i n  t h e s e  l a y e r s  

a l t h o u g h  n o  q u a n t i t a t i v e  s t u d y  w a s  c a r r i e d  o u t  t o  d e t e r m i n e  

o p t i m a l  c o n d i t i o n s .  T h e  d e p o s i t s  a r e  a s s u m e d  t o  b e  m e t a l l i c  

b i s m u t h  b u t  n o  a n a l y s i s  h a v e  b e e n  p e r f o r m e d  t o  s t u d y  t h e  

s u r f a c e  c o n d i t i o n  o r  d e t e r m i n e  t h e  r e a s o n  f o r  t h e  d i f f e r e n t  

c o l o r s  o f  g r e y  o b s e r v e d .  

D u s t  b e a m s  o f  b i s m u t h  o x i d e s  h a v e  b e e n  g e n e r a t e d  b y  a d -  

m i t t i n g  a i r  i n t o  t h e  h e a t e d  c h a m b e r .  F i g u r e  2 s h o w s  t h e  

l i g h t  y e l l o w ,  d a r k  y e l l o w  and  b l a c k  s t r a t a  t h a t  h a v e  b e e n  

o b s e r v e d  u n d e r  t h e s e  c o n d i t i o n s .  T r a n s i t i o n s  f r o m  l i g h t  y e l l o w  

p a r t i c l e s  t o  b l a c k  p a r t i c l e s  h a v e  b e e n  a c h i e v e d  b y  v a r y i n g  t h e  

a r g o n  p r e s s u r e  i n  t h e  c h a m b e r .  T h i s  a b i l i t y  t o  c h a n g e  t h e  

p a r t i c l e  s u r f a c e  c o n d i t i o n  p r o v i d e s  t h e  e x p e r i m e n t a l i s t  w i t h  

t h e  f l e x i b i l i t y  t o  s t u d y  t h e  e f f e c t  o f  s e c o n d a r y  e l e c t r o n  emis-  

s i o n  o n  p a r t i c l e  c h a r g i n g .  



B. DUST BEAM CHARACTERISTICS 

The 3 mm extraction tube has a 1 mm dia. nozzle 1.25 cm 
long at the entrance to the first differentially pumped cham- 
ber. The beam is further collimated by a 1.5 mm dia tube 1 
cm long at the interface between the two differentially pumped 
chambers before impinging on the substrate located at the 
center line of the discharge chamber. The characteristics of 
the beam were studied by collecting particles on a sample 
substrate for various values of oven pressure and temperature. 
The beam depositions made on a transparent plexiglas substrates 
were scanned with a microdensitometer to determine beam widths 
and deposition rates. Fig. 3 shows a typical beam profile. 
No appreciable variation in beam profile was observed over 
the limited range of temperatures and pressures studied (700 - 
815OC and 10 - 30 TORR). 
intensity on oven temperature observed on the semilogarithmic 
plot in Figure 4 may be attributed to the non-linear depend- 
ence of vapor pressure on temperature. Altho'ugh dust beams . . -  

were generated over a'large pressure range (10 - 80 TORR), 
optimal beam characteristics were obtained at pressures of 
20 - 25 TORR for the particular beam collimation geometry used 
in this study. 

The nonlinear dependence o f  beam 

. 

C. PARTICLE CHARACTERISTICS 
The particle size distribution was studied using scanning 

electron beam micrographs of the deposits produced by the beam 
at a temperature of 750 - 760 C and a number of oven pressures 
(15, 20, 25 and 30 TORR). Typical results are shown in Fig. 5 .  

The average particle diameters varied from . 14  - + . 04  to .22 - + 
.08pm with no noticeable pressure dependence. (Particle size 
is expected to increase with background pressure). These 
measurements indicate a reasonably narrow particle size distri- 
bution. 

0 



D .  PLASMA CHARACTERISTICS 

A h o t  c a t h - o d e  d i s c h a r g e  w a s  g e n e r a t e d  i n  a r g o n  f o r  a 

r a n g e  o f  b a c k g r o u n d  p r e s s u r e s  ( 1 9  - 6 5  m T O R R ) .  L a n g m u i r  

p r o b e  c u r v e s  i n d i c a t e  t h e  e l e c t r o n  t e m p e r a t u r e  t o  b e  a p p r o x i -  

mate ly  4 e V .  T h e  d e p e n d e n c e  o f  e l e c t r o n  n u m b e r  d e n s i t y  a n d  

p l a s m a  p o t e n t i a l  o n  a r c  c u r r e n t  i s  s h o w n  i n  F i g u r e  5 .  F l o a t -  

i n g  p r o b e  p o t e n t i a l s - o f  2 0  t o  30 v o l t s  n e g a t i v e  a r e  e x p e c t e d  

i n  t h e s e  p l a s m a s .  T h i s  f l o a t i n g  p o t e n t i a l  c o r r e s p o n d s  t o  a n  

a c c u m u l a t i o n  o f  2 2 0 0  e l e c t r o n  o n  t h e  t y p i c a l  . 1 4  t o  . 2 2 , u m  

p a r t i c l e s .  T h e  l a r g e  c h a r g e  p e r  p a r t i c l e  i m p l i e s  g o o d  d e t e c -  

t i o n  c a p a b i l i t y .  

111. A C T I V I T I E S  F O R  NEXT R E P O R T I N G  PERIOD 1 / 1 / 8 4  - 3 / 3 1 / 8 4 .  
---------I--------------------------------- 

A w o r k  s t a t e m e n t  h a s  b e e n  s u b m i t t e d  c o n c e r n i n g  t h e  t a s k s  

t h a t  w i l l  b e  a d d r e s s e d  d u r i n g  t h e  n e x t  y e a r  o f  t h e  p r o g r a m .  

T h e  p r i m a r y  t a s k s  t h a t  w i l l  b e  c a r r i e d  o u t  d u r i n g  t h e  n e x t  

r e p o r t i n g  p e r i o d  a r e  t o  measure t h e  p a r t i c l e  b e a m  v e l o c i t y  

a n d  c o n s t r u c t  a r e t a r d i n g  p o t e n t i a l  a n a l y z e r .  

. 
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Figure 3: M i c r o d e n s i t o m e t e r  s c a n  along t h e  d i a m e t e r  of a beam 
deposit generated a t  20 T o r r  and 815OC. 



. 

10 c 

ia 

I 

0 

t o  0 760 800 

CRUCIBLE TEMPERATURE ( " C )  

F i g u r e  4 :  T e m p e r a t u r e  d e p e n d e n c e  o f  beam i n t e n s i t y  ( o p t i c a l  
d e n s i t y  of beam d e p o s i t e d  o n  p s e x i g l a s s  s l i d e  f o r  
2 m i n u t e s )  o n  t e m p e r a t u r e  f o r  a n  o v e n  p r e s s u r e  o f  
1 9  T o r r .  
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Figure 5: S c a n n i n g  electron m i c r o g r a p h  o f  beam particles g e n c r -  
a t e d  a t  7 5 3 O C  a n d  2 0  Torr. ( 1 0 , 0 0 0 ~  magnification). 
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I. O V E R V I E W  

A research program has been initiated t o ,  experimentally 

study the interaction of dust grains with a low density plasma. 

The primary emphasis of the program is concerned with under- 

standing the process of dust aggregation through electrostatic 

forces. Of particular interest are the effect of secondary 

emission from particle surfaces on particle aggregation and the 

effect of polarization forces on the particle size and shape. An 

important requirement of the program is to develop techniques to 

generate and diagnose a dusty plasma as well as determine how 

dust particles might be coalescing in the plasma. The overall 

program has been divided into three conceptual phases of increa- 

sing difficulty to address the overall problem.’ Phase I of the 

program is directed at studying the charging of dust particle 

beams traversing a plasma with dimensions much less than the 

mean-free-path of the particle beam. This phase will concentrate 

on applying the retarding potential analyzer to dust grain 

measurements. 

The second phase of the program will be concerned with 

the effect of the dust particle on the background plasma, the 

losses of charged dust particles from the plasma volume, and the 

coalescence of the dust particles. This phase will concentrate 

on technique for generating a dusty plasma and for detecting 

charged particle coalescence. The third phase of the program - 
will study the dynamics of the dust aggregation/disruption pro- 

* 

cess using Mie scattering techniques. 
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11. ACTIVITIES FOR REPORTING PERIOD 1 / 1 / 8 4  t o  6 / 3 0 / 8 4 .  

T h e  w o r k  t o  d a t e  h a s  b e e n  c o n c e r n e d  w i t h  P h a s e  I o f  t h e  

p r o g r a m .  In p r e v i o u s  p r o g r e s s  r e p o r t s ,  t h e  c o n s t r u c t i o n  a n d  

t e s t i n g  o f  a d u s t  beam g e n e r a t o r  h a s  b e e n  d e s c r i b e d .  W i t h  t h e  

p r e s e n t  system, b e a m s  o f  m e t a l l i c  b i s m u t h  p a r t i c l e s  h a v i n g  a mean  

d i a m e t e r  o f  0 . 1 4  t o  0 . 2 2 t L m  h a v e  b e e n  p r o d u c e d .  T h e s e  b e a m s  h a v e  

p r o d u c e d  b l a c k  s p o t s  .5 t o  1 cm d i a m e t e r  o n  s u b s t r a t e s  w h i c h  h a v e  

b e e n  a n a l y z e d  w i t h  o p t i c a l  a n d  s c a n n i n g  e l e c t r o n  beam m i c r o s c o p e  

t e c h n i q u e s .  T h e s e  m e a s u r e m e n t s  p r o v i d e d  t ime a v e r a g e d  m e a s u r e -  

m e n t s  o f  t h e  beam g e n e r a t o r  system. T h e  w o r k  d u r i n g  t h i s  r e p o r -  

t i n g  p e r i o d  h a s  c o n c e n t r a t e d  o n  m e a s u r i n g  t h e  c h a r g i n g  c h a r a c -  

t e r i s t i c s  u s i n g  a r e t a r d i n g  p o t e n t i a l  a n a l y z e r  (RPA) w h i c h  p r o -  

v i d e s  a t e m p o r a l  m e a s u r e m e n t  o f  beam s t a b i l i t y  n o t  a v a i l a b l e  

b e f o r e .  T h e  r e s u l t s  i n d i c a t e d  t h a t  t h e  beam i n t e n s i t y ,  a s  mea- 

' s u r e d  b y  t h e  RPA, w o u l d  s u d d e n l y  i n c r e a s d  a n d  t h e n  d e c r e a s e  f o r  

n o  a p p a r e n t  r e a s o n ,  w h e r e u p o n  t h e  p r o c e s s  w o u l d  r e p e a t  i t s e l f .  

No c o n c l u s i v e  e x p l a n a t i o n  o f  t h i s  b e h a v i o u r  h a s  b e e n  f o u n d  a l -  

t h o u g h  t h e  m a g n i t u d e  o f  t h e  e f f e c t  was d r a m a t i c a l l y  r e d u c e d  b y  

l e n g t h e n i n g  t h e  i n l e t  t u b e  f r o m  t h e  d u s t  g e n e r a t o r  i n t o  t h e  f i r s t  

d i f f e r e n t i a l l y  pumped c h a m b e r .  P r e v i o u s l y ,  t h e  beam f o r m e d  b y  

t h e  t u b e  h a d  t o  t r a v e r s e  a 12 c m  pumped c h a m b e r  b e f o r e  e x i t i n g  

t h r o u g h  a 1.5 m m  d i a m e t e r  t u b e  i n t o  t h e  s e c o n d  d i f f e r e n t i a l l y  

pumped  c h a m b e r .  T h e  l o n g e r  t u b e  r e d u c e d  t h e  f r e e  e x p a n s i o n  

l e n g t h  t o  9.5 cm w h i c h  a p p e a r s  t o  h a v e  s u f f i c i e n t l y  s t a b i l i z e d  

t h e  beam f o r  m e a n i n g f u l  c h a r g i n g  m e a s u r e m e n t s  t o  b e  i n i t i a t e d .  

T h e  e x p e r i m e n t a l  a p p a r a t u s  i s  s h o w n  s c h e m a t i c a l l y  i n  F i g  

1. An 8 cm d i a m e t e r  g l a s s  t u b e  c o n f i n e s  t h e  h o t  c a t h o d e  d i s -  

c h a r g e  i n  t h e  s t a i n l e s s  s t e e l  v a c u u m  c h a m b e r .  T h e  d u s t  beam 
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t r a v e r s e s  t h e  p l a sma  c h a m b e r  t h r o u g h  t w o  h o l e s  i n  t h e  g l a s s  t u b e  

a n d  i s  a n a l y z e d  i n  t h e  RPA a t  t h e  r i g h t .  A m o v e a b l e  s h i e l d  c a n  

b e  s l i d  i n t o  t h e  p a t h  o f  t h e  e n t e r i n g  b e a m  t o  a i d  i n  d i s t i n g u i -  

s h i n g  beam i n d u c e d  s i g n a l  c h a r a c t e r i s t i c s  f r o m  t h e  b a c k g r o u n d  

p l a s m a  s i g n a l .  

D i s c h a r g e  c u r r e n t s  o f  10-60 ma h a v e  b e e n  g e n e r a t e d  i n  a 

f e w  mTORR o f  a r g o n  f o r  a n  a p p l i e d  v o l t a g e  g r e a t e r  t h a n  40V. T h e  

e l e c t r o n s  t e m p e r a t u r e  was m e a s u r e d  w i t h  a L a n g m u i r  p r o b e  a n d  

f o u n d  t o  be a p p r o x i m a t e l y  4 e v .  A p r o b l e m  t h a t  w a s  e n c o u n t e r e d  

i n  t h i s  p r o g r a m  t h a t  was n o t  o b s e r v e d  i n  p r e v i o u s  s t u d i e s  u s i n g  a 

s i m i l a r  e x p e r i m e n t a l  a p p a r a t u s  i s  t h e  g r a d u a l  i n c r e a s e  i n  c a t h o d e  

r e s i s t a n c e  t h a t  o c c u r r e d  s l o w l y  d u r i n g  s y s t e m  o p e r a t i o n .  T h i s  

i n c r e a s e d  r e s i s t a n c e  c o u l d  b e  d u e  t o  a n  i n c r e a s e  i n  t h e  c o n t a c t  

r e s i s t a n c e  b e t w e e n  t h e  t u n g s t e n  f i l a m e n t s  a n d  t h e  s t a i n l e s s  s t e e l  

s u p p o r t  p o s t s  d u e  t o  t h e  y e l l o w i s h  d e p o s i t  t h a t  i s  o b s e r v e d  t o  

o c c u r  i n  t h i s  r e g i o n .  T h i s  y e l l o w i s h  d e p o s i t  i s  s i m i l a r  t o  

d e p o s i t s  o b s e r v e d  i n  t h e  d u s t  g e n e r a t o r  o v e n  a n d  c o u l d  b e  d u e  t o  

b i s m u t h  o x i d e  o r  i t  c o u l d  b e  d u e  t o  t u n g s t e n  o x i d e .  E D A X  s t u d i e s  

o f  t h e  d e p o s i t s  w i l l  b e  m a d e  t o  d e t e r m i n e  t h e i r  c o m p o s i t i o n  a n d  

l e a k  c h e c k s  w i l l  b e  m a d e  o n  t h e  v a c u u m  s y s t e m  t o  e l i m i n a t e  a n y  

s o u r c e s  o f  o x y g e n .  

T h e  t h r e e  g r i d d e d  a p e r t u r e s  o n  t h e  RPA u s e d  i n  t h i s  s t u d y  

h a v e  a 2 . 2  cm I D  a n d  a n  o p t i c a l  t r a n s p a r e n c y  o f  90%. T h e  s y s t e m  

i s  o p e r a t e d  w i t h  t h e  e n t r a n c e  g r i d  g r o u n d e d  w i t h  t h e  s u p p r e s s o r  . 
g r i d  g r o u n d e d  f o r  n e g a t i v e  p a r t i c l e  a n a l y s i s  a n d  b i a s e d  n e g a t i v e  

w i t h  r e s p e c t  t o  t h e  c o l l e c t o r  for p o s i t i v e  p a r t i c l e  c o l l e c t i o n .  

T h e  RPA s a m p l e s  t h e  p l a s m a  p a r t i c l e s  a n d  b e a m  p a r t i c l e s  e m i t t e d  

by t h e  h o l e  i n  t h e . d i s c h a r g e  t u b e .  
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A b l a c k  p a r t i c u l a t e  d e p o s i t  o n  t h e  R P A  g r i d s  a n d  c o l l e c -  

t o r  s l i g h t l y  b e l o w  c e n t e r  i s  d i r e c t  e v i d e n c e  t h a t  t h e  d u s t  beam 

i s  r e a c h i n g  t h e  c o l l e c t o r .  C h a r g e d  p a r t i c l e  m e a s u r e m e n t s  were 

m a d e  f o r  b i a s e s  i n  t h e  d i s c h a r g e  t u b e  i n s u f f i c i e n t  t o  p r o d u c e  a 

d i s c h a r g e .  . I n  t h i s  c a s e  t h e  p r i m a r y  e l e c t r o n s  f r o m  t h e  f i l a m e n t  

were a c c e l e r a t e d  t o w a r d  t h e  a n o d e  a n d  p a r t i a l l y  i o n i z e d  t h e  

b a c k g r o u n d  g a s .  T h e  c u r r e n t  c o l l e c t e d  by  t h e  R P A  i s  s h o w n  i n  F i g  

2 b  w i t h  t h e  d u s t  beam o f f .  A s e c o n d a r y  e l e c t r o n  c u r r e n t  o b s e r v e d  

n e a r  z e r o  v o l t s  i s  o f  t h e  s a m e  o r d e r  o f  m a g n i t u d e  a s  t h e  p r i m a r y  

e l e c t r o n  c u r r e n t  w h i c h  i s  c u t  o f f  a t  - 2 5  V c o r r e s p o n d i n g  t o  t h e  

b i a s  a c r o s s  t h e  f i l a m e n t s .  T h e  a p p a r e n t  c h a n g e  i n  s i g n  o f  t h e  

c o l l e c t o r  c u r r e n t  i s  d u e  t o  a z e r o  o f f s e t  i n  t h e  p i c o a m m e t e r .  

T y p i c a l  c u r r e n t s  i n  t h e s e  m e a s u r e m e n t s  were a f ew t e n s  o f  p i c o -  

a m p e r e s .  I f  t h e  d u s t  b e a m  is t u r n e d  o n ,  t h e  u p p e r  c u r v e  i n  F i g  

2 a  i s  o b t a i n e d  u s i n g  t h e  R P A .  Afte r  t h e  p l a s m a '  a n d .  p r i m a r y  

e l e c t r o n s  a r e  c u t  o f f  by t h e  r e t a r d i n g  p o t e n t i a l ,  a n e g a t i v e  

c u r r e n t  i s  o b s e r v e d  f o r  r e t a r d i n g  v o l t a g e s  u p  t o  -500 V .  T h e  

l o w e r  c u r v e  i n  F i g  2 a  i s  o b t a i n e d  w h e n  t h e  beam s h i e l d  o c c l u d e s  

t h e  beam.  T h i s  c u r v e  i s  s i m i l a r  t o  t h e  c u r v e  o b t a i n e d  w i t h  n o  

b e a m  p r e s e n t  a n d  t h e  r e s u l t s  c l e a r l y  s h o w  t h a t  d u s t  p a r t i c l e s  

h a v e  b e e n  c h a r g e d  n e g a t i v e l y  a s  t h e y  p a s s  t h r o u g h  t h e  t e n u o u s  

p l a s m a .  

T h e  g e n e r a t i o n  o f  t h e  d u s t  b e a m  w h e n  t h e  o v e n  t e m p e r a t u r e  

e x c e e d s  650' i s  s h o w n  i n  F i g  3 .  T h e  s u d d e n  c h a n g e s  i n  b e a m  

i n t e n s i t y  r e f l e c t s  t h e  u n s t a b l e  n a t u r e  o f  t h e  beam g e n e r a t i o n  

s y s t e m  t h a t  was d e s c r i b e d  a b o v e .  ( T h e s e  m e a s u r e m e n t s  were m a d e  

b e f o r e  c o r r e c t i v e  a c t i o n  was t a k e n . )  

A d i s c h a r g e  i s  i n i t i a t e d  i n  t h e  s y s t e m  b y  b i a s i n g  t h e  
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f i l a m e n t s  t o  -100 v o l t s  w h i c h  c a n  t h e n  b e  r e d u c e d  t o  - 4 0  v o l t s  

f o r  s u s t a i n e d  o p e r a t i o n .  T h e  RPA m e a s u r e m e n t s  o f  t h e  e l e c t r o n  

e n e r g i e s  is  s h o w n  i n  F i g  4 .  M e a s u r e m e n t s  were n o t  m a d e  f o r  
- 

r e t a r d i n g  p o t e n t i a l s  b e t w e e n  0 a n d  -5 V b e c a u s e  o f  p o w e r  s u p p l y  

l i m i t a t i o n s .  W i t h  t h e  d i s c h a r g e  o n ,  t h e  l ow e n e r g y  e l e c t r o n  

c o m p o n e n t  b e c o m e s  much  l a r g e r  t h a n  p r i m a r y  e l e c t r o n  c o m p o n e n t .  

A t t e m p t s  t o  s e e  c h a n g e s  i n  t h e  l o w  e n e r g y  c o m p o n e n t  o f  t h e  c u r -  

r e n t  c h a r a c t e r i s t i c s  w h e n  t h e  beam was t u r n e d  o n  were i n c o n c l u -  

s i v e .  T h e  h i g h  e n e r g y  c o m p o n e n t  i s  s h o w n  i n  F i g  5 w i t h  e n h a n c e d  

c u r r e n t  s e n s i t i v i t y .  T h e  u p p e r  c u r v e  w i t h  t h e  d u s t  b e a m  o n  i s  

c l e a r l y  d i s t i n g u i s h a b l e  f r o m  t h e  l o w e r  c u r v e  w i t h o u t  t h e  d u s t  

beam.  T h e  d i f f e r e n c e  b e t w e e n  t h e s e  two c u r v e s  i s  p l o t t e d  a s  a 

f u n c t i o n  of  r e t a r d i n g  p o t e n t i a l  i n  F i g  6 f o r  t w o  d i f f e r e n t  v a l u e s  

o f  d i s c h a r g e  c u r r e n t .  T h e  l i n e a r  e x t r a p o l a t i o n  o f  t h i s  c u r v e  . 

i n d i c a t e s  t h a t  a r e t a r d i n g  p o t e n t i a l  o f  -575  V i s  r e q u i r e d  t o  c u t  

o f f  t h e  d u s t  beam p a r t i c l e s .  M e a s u r e m e n t s  m a d e  w i t h o u t  t h e  

d i s c h a r g e  i n d i c a t e  t h a t  t h e  m a g n i t u d e  o f  t h e  c u t - o f f  v o l t a g e  i s  

much  g r e a t e r  t h a n  -575 V .  

T h e  p h y s i c a l  i n t e r p r e t a t i o n  o f  t h i s  c u r r e n t  v o l t a g e  

c h a r a c t e r i s t i c  i n  terms o f  e n e r g y  d i s t r i b u t i o n  i s  much  more 

c o m p l i c a t e d  t h a n  i n  t h e  c a s e  o f  e l e c t r o n s  o r  i o n s  b e c a u s e  o f  t h e  

d i s t r i b u t i o n  o f  c h a r g e s  a n d  masses a s  w e l l  a s  p a r t i c l e  v e l o c i t i e s  

t h a t  a r e  e n c o u n t e r e d .  F o r  a g i v e n  r e t a r d i n g  g r i d  v o l t a g e ,  

a l l  p a r t i c l e s  w i t h  1 / 2  mv /Q > V a r e  c o l l e c t e d ,  w h e r e  Q i s  t h e  

p a r t i c l e  c h a r g e .  A t  t h e  p r e s e n t  t i m e ,  t h e  p a r t i c l e  v e l o c i t y  h a s  

n o t  b e e n  m e a s u r e d ,  b u t  t h e  mass f l o w  c h a r a c t e r i s t i c s  o f  t h e  

p a r t i c l e s  i n  t h e  t u b e  c o n n e c t i n g  t h e  o v e n  t o  t h e  s y s t e m  s h o u l d  

"R * 
2 - 

R - 
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. 

. 

r e s u l t  i n  n e a r l y  e q u a l  v e l o c i t i e s ,  V f o r  e a c h  p a r t i c l e .  I n  

t h i s  c a s e ,  a s i m p l i f i e d  a n a l y s i s  o f  t h e  c u r r e n t  v o l t a g e  c h a r a c -  

t e r i s t i c  c a n  b e  m a d e .  T h e  c o l l e c t o r  c u r r e n t  i s  g i v e n  b y  

0’ 

2 
3 2  

I ( v R )  = - nAev 0 

w h e r e  d i s t r i b u -  

t i o n  o f  c h a r g e - t o - m a s s  r a t i o s .  T h e  d e r i v a t i v e  o f  t h e  c o l l e c t o r  

c u r r e n t  w i t h  r e s p e c t  t o  t h e  r e t a r d i n g  g r i d  v o l t a g e  i s  g i v e n  b y  

nA i s  t h e  f l u x  o f  d u s t  p a r t i c l e s  a n d  f ( i ) i s  t h e  

F i g  6 r e v e a l s  a c o n s t a n t  v a l u e  f o r  d I / d V R  = C f o r  V R  2 -575V.  

I n  t h i s  c a s e  

f o r  

2 
V > 0 Q 

m -  
- 

2 ( 5 7 5 )  
( 4 )  

T h e  maximum v a l u e  for Q / m  i s  d e t e r m i n e d  b y  t h e  e q u i l i b r i u m  

f l o a t i n g  p o t e n t i a l .  I f  a n  i s o l a t e d  s p h e r e  m o d e l  i s  t a k e n  f o r  t h e  

d u s t  g r a i n ,  t h e  c h a r g e  i s  r e l a t e d  t o  t h e  f l o a t i n g  p o t e n t i a l  b y  

t h e  e x p r e s s i o n  

Q = 4 a c o r V F  ( 5 )  

a n d  t h e  maximum c h a r g e - t o - m a s s  r a t i o  i s  

6 



p e r m i t t i v i t y  o f  f r e e  s p a c e  a n d  R i s  t h e  p a r t i c l e  r a d i u s .  I f  a 

D e b y e  s h i e l d e d  p o t e n t i a l  d i s t r i b u t i o n  i s  a s s u m e d ,  t h e  maximum 

c h a r g e  t o  mass r a t i o  i s  g i v e n  by  t h e  e x p r e s s i o n  

Some  e s t i m a t e s  o f  t h e  d u s t  beam c h a r g i n g  c a n  b e  m a d e  u s i n g  t h e  

o b s e r v e d  r e s u l t s .  T h e  m i n i m u m  v a l u e  o f  Q / m  c a n  b e  e s t i m a t e d  a s  a 

s i n g l e  e l e c t r o n  o n  a n  a v e r a g e  p a r t i c l e  .22pm d i a m e t e r .  U s i n g  t h e  

e q u a l i t y  i n  Eq ( 4 ) ,  t h e  b e a m  v e l o c i t y  i s  e s t i m a t e d  t o  b e  4500 

cm/sec w h i c h  i s  w i t h i n  t h e  2 0 0 0  - 6000 cmlsec  r a n g e  o b s e r v e d  b y  

1 M u r p h y  a n d  S e a r s .  T h e  maximum c h a r g e  o n  a d u s t  p a r t i c l e  c a n  b e  

e s t i m a t e d  f o r  t h e  i s o l a t e d  s p h e r e  u s i n g  Eq ( 5 ) .  P r e l i m i n a r y  

o b s e r v a t i o n s  i n d i c a t e  t h e  f l o a t i n g  p o t e n t i a l  t o  b e  i n  r a n g e  o f  6 

- 9 - V n e g a t i v e  w h i c h  p r e d i c t s  t h e  c h a r g e  o n  a 0 . 2 2  p m  d i a m e t e r  

p a r t i c l e  t o  b e  6 5 3  e l e c t r o n  c h a r g e s .  I f  t h e  p a r t i c l e s  were f u l l y  

c h a r g e d ,  o n l y  -0.88 V w o u l d  b e  r e q u i r e d  t o  s t o p  t h e m .  P r e s e n t l y ,  

t h e  m e a s u r e m e n t  t e c h n i q u e s  c a n n o t  m e a s u r e  d u s t  beam p a r t i c l e  

c h a r a c t e r i s t i c s  f o r  r e t a r d i n g  g r i d  v o l t a g e s  l e s s  t h a n  60 V .  A 

d u s t  beam m o d u l a t i o n  t e c h n i q u e ,  t h a t  w i l l  b e  d e s c r i b e d  b e l o w ,  

w i l l  b e  u s e d  t o  m a k e  m e a s u r e m e n t s  i n  t h i s  v o l t a g e  r a n g e .  

T h e  e s t i m a t e s  o f  t h e  p a r t i c l e  v e l o c i t y  o b t a i n e d  a b o v e  c a n  b e  

u s e d  t o  e s t i m a t e  p a r t i c l e  c h a r g i n g  l e v e l s  t h a t  c a n  b e  a n t i c i -  

p a t e d .  A s s u m i n g  a t h i n  s h e a t h  m o d e l ,  a n d  i g n o r i n g  a l l  s e c o n d a r y  

e m i s s i o n  p r o c e s s e s ,  t h e  c h a r g e  c o l l e c t e d  b y  a d u s t  g r a i n  t r a v e r -  

s i n g  t h e  p l a s m a  c h a m b e r  i s  g i v e n  b y  t h e  e x p r e s s i o n  
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w h e r e  A T  i s  t h e  t r a n s i t  t i m e  a c r o s s  t h e  8 crn d i a m e t e r  c h a m b e r .  

For a 4 e v  e l e c t r o n  t e m p e r a t u r e  t h e  t o t a l  c h a r g e  i s  g i v e n  by  4.6 

x lO- ’eN w h i c h  w o u l d  r e s u l t  i n  4600 e l e c t r o n s  p e r  p a r t i c l e  i n  a 

10 /cm3 p l a s m a .  S i n c e  t h e  plasma d e n s i t i e s  e n c o u n t e r e d  h e r e  a r e  8 

i n  t h i s  r a n g e  o f  v a l u e s ,  a l l  o f  t h e  p a r t i c l e s  s h o u l d  b e  c h a r g e d  

t o  t h e i r  e q u i l i b r i u m  v a l u e .  A l t h o u g h  t h e  l ow e n e r g y  d i s t r i b u t i o n  

h a s  n o t  b e e n  p r o b e d ,  t h e  e x p e r i m e n t a l  r e s u l t s  d o  i n d i c a t e  t h a t  a 

s u b s t a n t i a l  n u m b e r  o f  p a r t i c l e s  a r e  n o t  f u l l y  c h a r g e d .  T h e s e  

r e s u l t s  i n d i c a t e  t h a t  s e c o n d a r y  e m i s s i o n ,  p h o t o e m i s s i o n  a n d  c o l -  

l i s i o n s  w i t h  n e u t r a l s  a n d  m e t a s t a b l e s  m a y  b e  v e r y  i m p o r t a n t  i n  

d e t e r m i n i n g  t h e  c h a r g e  o n  a d u s t  g r a i n  i n  a d i s c h a r g e  p l a s m a .  

111. ACTIVITIES  FOR NEXT REPORTING PERIOD 7 / 1 / 8 4  t o  9 / 3 0 / 8 4  

Work t o  d a t e  h a s  i r o n e d  o u t  some of - t h e  d i f f i c u l t i e s  

o f  g e n e r a t i n g  a d u s t  b e a m ,  t e s t e d  o u t  t h e  R P A  a n d  i n d i c a t e d  t h e  

s c o p e  o f  t h e  m e a s u r e m e n t s  t h a t  c a n  b e  made  o n  t h e  s y s t e m .  T h e  

w o r k  c a n  now p r o c e e d  i n t o  a m o r e  q u a n t i t a t i v e  r e g i m e .  A c h o p p e r  

a s e m b l y  w i l l  be a d d e d  b e t w e e n  t h e  o v e n  a n d  t h e  d i s c h a r g e  t u b e  t o  

m o d u l a t e  t h e  d u s t  b e a m  i n t e n s i t y .  T h e  p h a s e  o f  t h e  d e t e c t e d  

s i g n a l  a t  t h e  RPA r e l a t i v e  t o  t h e  p h a s e  o f  t h e  s i g n a l  a t  t h e  

c h o p p e r  w i l l  b e  m e a s u r e d  w i t h  a l o c k - i n  a m p l i f i e r  f r o m  w h i c h  t h e  

p a r t i c l e  v e l o c i t i e s  w i l l  b e  i n f e r r e d .  T h i s  v e l o c i t y  m e a s u r e m e n t  

w i l l  b e  v e r y  u s e f u l  f o r  a n a l y z i n g  t h e  c u r r e n t - v o l t a g e  c h a r a c t e r -  

i s t i c s  o f  t h e  RPA. I n  a d d i t i o n ,  t h e  m o d u l a t i o n  t e c h n i q u e  w i l l  

a l l o w  t h e  beam c h a r g i n g  e f f e c t s  t o  b e  d i s t i n g u i s h e d  f r o m  p l a s m a  

e f f e c t s  a s  g a s  p r e s s u r e s  a n d  d i s c h a r g e  c u r r e n t s  a r e  v a r i e d .  W i t h  

t h e s e  t e c h n i q u e s  t h e  c h a r g i n g  c h a r a c t e r i s t i c s  w i l l  b e  s y s t e m a t i -  

c a l l y  s t u d i e d  a s  t h e  g a s  p r e s s u r e ,  d i s c h a r g e  c u r r e n t ,  o v e n  t e m -  
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p e r a t u r e  a n d  o v e n  p r e s s u r e  a r e  v a r i e d .  

T h e  s t u d i e s  w i l l  a l s o  i n c l u d e  L ' a n g m u i r  p r o b e  m e a s u r e m e n t s  t o  

d e t e r m i n e  t h e  e l e c t r o n  d e n s i t i e s  e n c o u n t e r e d .  T h e  n a t u r e  a n d  

s i z e  o f  t h e  p a r t i c l e s  b e i n g  d e p o s i t e d  o n  t h e  d i s c h a r g e  t u b e  w a l l s  

w i l l  b e  d e t e r m i n e d  by  a n a l y z i n g  t h e  d e p o s i t s  c o l l e c t e d  by  b i a s e d  

s u r f a c e s  i n s e r t e d  i n t o  t h e  d i s c h a r g e  t u b e .  Of , p a r t i c u l a r  i n -  

t e r e s t  a r e  t h e  y e l l o w  d e p o s i t s  n e a r  t h e  c a t h o d e .  I f  t h e s e  p r o v e  

t o  b e  b i s m u t h  o x i d e s ,  t h e n  c h a r g e  t r a n s f e r  p r o c e s s e s  a r e  t a k i n g  

p l a c e  i n  t h e  d i s c h a r g e  w h i c h  a r e  r e v e r s i n g  t h e  p o l a r i t y  o f  t h e  

d u s t  g r a i n  c h a r g e .  EDAX s t u d i e s  o f  t h e  d e p o s i t s  will d e t e r m i n e  

i f  t h i s  i s  t h e  c a s e .  Some  e x p l o r a t o r y  m e a s u r e m e n t s  o f  d u s t  

p l a s m a  g e n e r a t i o n  u s i n g  p r e p a r e d  p o w d e r s  w i l l  b e  i n i t i a t e d .  

* 

REFERENCES 

1 .  W. K. M u r p h y  a n d  G .  W .  S e a r s ,  " P r o d u c t i o n  o f  P a r t i c u l a t e  
Beams," J .  A p p l .  P h y s .  35, 1986 ( 1 9 6 4 ) .  



. 

. 

DUST 

UT 
4 - 

BEAM R P A  

I 

Fig. 1. Schematic representation of plasma discharge tube, 
showing dust beam trajectory and RPA. 

10 



LL 
LL 
0 

I a 
m 
w 

. 
hl 



. 

I- 
Z 
W tr 
3 
0 

U 
0 
I- 
'0 
W 
1 
1 
0 
0 

I 

a 

OVEN TEMPERATURE ("C) 

Fig. 3 .  Dependence o f  R P A  c o l l e c t o r  current on oven temperature. 

1 2  



V (VOLTS)  

I 
I 
I 
I 
I 
I 
1 
J 
1 
I 
I 
I 
I 
I 
1 '  

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 

n 
cn 
t- 
Z 
3 

- 

* a a a 
I- 
m a 
q 

- 
Y 

H 
I 

Fig. 4 .  Dependence of RPA collector current on retarding grid 
potential showing l o w  energy plasma electrons and 
energetic prima.ry electrons. 

13 



. 

\ 

Z 
0 

z a 
m w 

E 

2 

0 
0 - 

I 

0 
0 cu 
I 

0 
0 m 
I 

8 I 

h 

v) 
t- 
-I 
0 > 
v 

> 



n 

v) 
I- 
z 
3 

> 

- 

a 
a a 

a a 

I- 
63 
- 

Y 

n 
I 

0 -100 -300 -500 

V ( V O L T S )  

Fig. 6.  D i f f e r e n c e  o f  t h e  two RPA c o l l e c t o r  c u r r e n t s  ( b e a m  o n  
a n d  b e a m  o f f )  f o r  a r a n g e  o f  r e t a r d i n g  g r i d  
p o t e n t i a l s .  T h e  c r o s s e s ,  c i r c l e s  a n d  d o t s  c o r r e s p o n d  
t o  d i s c h a r g e  c u r r e n t s  o f  18, 20  a n d  40 m a  
r e s p e c t i v e l y .  T h e  s c a l e  f o r  t h e  20 ma case  i s  twice 
t h a t  f o r  t h e  18 ma v a l u e ' f o r  v i s u a l  c l a r i t y  w h e r e a s  
t h e  s c a l e  f o r  t h e  40 m a  case i s  n o t  r e l a t e d  t o  t h e  
o t h e r  t w o .  

15 . 

- ~ 



r 

Progress R e p o r t  N O .  4 

. 

A n  E x p e r i m e n t a l  I n v e s t i g a t i o n  o f  D u s t y  P l a s m a s  

P h a s e  I :  D u s t  P a r t i c l e  P r o d u c t i o n  
a n d  C h a r g i n g  C h a r a c t e r i s t i c s  

P.O. NO. E81108-2264 

P r e p a r e d  F o r :  

S p a c e  P h y s i c s  G r o u p  
U n i v e r s i t y  o f  C a l i f o r n i a  a t  S a n  D i e g o  

L a J o l l a .  C a l i f o r n i a  9 2 0 9 3  

P r e p a r e d  B y :  

E .  J. Yadlowsky 
R .  C .  H a z e l t o n  

P.O. Box  3422 
HY-Tech R e s e a r c h  C o r p o r a t i o n  

R a d f o r d ,  V i r g i n i a  24143 

A u g u s t  3 1 ,  1984 



I I n  o r d e r  t o  i m p r o v e  t h e  s e n s i t i v i t y  o f  t h e  RPA t o  t h e  

i n c o m i n g  d u s t  beam a t  l o w  r e t a r d i n g  p o t e n t i a l s  a p h a s e  l o c k e d  

i 1 2 6  l o c k - i n  a m p l i f i e r  w i t h  a n  o p t i c a l  c h o p p e r  o n  t h e  b e a m  

t e c h n i q u e  h a s  b e e n  i m p l e m e n t e d .  A c h o p p e r  was i n s t a l l e d  i n  

t h e  beam p a t h ,  c a p a b l e  o f  c h o p p i n g  t h e  beam a t  30 t o  120 Hz. 

T h e  c h o p p e d  beam t h e n  p a s s e s  t h r o u g h  t h e  p l a s m a  c h a m b e r  a n d  i s  

then c o l l e c t e d  b y  t h e  RPA. T h e  RPA s i g n a l  i s  f e d  i n t o  a PAR 

c h o p p e r  s h a f t  p r o v i d i n g  t h e  p h a s e  r e f e r e n c e .  U s i n g  t h i s  

t e c h n i q u e ,  t h e  b e a m  c u r r e n t  i s  m e a s u r e a b l e  f o r  a l l  r e t a r d i n g  

p o t e n t i a l s  o f  t h e  R P A ,  t h u s  a l l o w i n g  m e a s u r e m e n t s  p r e v i o u s l y  

u n a t t a i n a b l e .  

V e l o c i t y  M e a s u r e m e n t s  

As a c h o p p e d  d u s t  beam p u l s e  t r a v e l s  f rom t h e  c h o p p e r  t o  

t h e  RP.4 ,  i t  e x p e r i e n c e s  a p h a s e  s h i f t  g i v e n  b y :  

A @ = n f Y  + w A t  

\ < h e r e  dt i s  t h e  t r a n s i t  t i m e  f r o m  t h e  c h o p p e r  t o  RPA. B y  

v a r y i n g  t h e  c h o p p e r  f r e q u e n c y  a n d  m e a s u r i n g  t h e  p h a s e  s h i f t  

b e t w e e n  t h e  o p t i c a l  r e f e r e n c e  a n d  t h e  b e a m  c u r r e n t ,  t h e  t r a n -  

s i t  t i m e  c a n  b e  d e r i v e d  f r o m  a l i n e a r  l e a s t  s q u a r e s  f i t  t o  t h e  

d a t a .  P h a s e  s h i f t  m e a s u r e m e n t s  were c a r r i e d  o u t  f o r  a n u m b e r  

o f  c a s e s  ( F i g  1 - 4 )  a n d  t h e  t r a n s i t  t ime  r a n g e d  f r o m  6.2 t o  6 .8  

msec. T h i s  r e s u l t s  i n  a v e l o c i t y  o f  5400 cm/sec w h i c h  is 

c o n s i s t e n t  w i t h  o t h e r  d u s t  b e a m  s y s t e m s .  

Beam C u r r e n t  % D i s c h a r g e  C u r r e n t  

O n e  e x p e c t s  t h a t  a s  t h e  p l a s m a  d e n s i t y  i s  i n c r e a s e d  t h e  

c h a r g e  c o l l e c t e d  b y  e a c h  p a r t i c l e  w i l l  i n c r e a s e  u n t i l  t h e  

p a r t i c l e  p o t e n t i a l  i s  e q u a l  t o  f l o a t i n g  p o t e n t i a l .  A t  t h i s  



p o i n t  t h e  beam c u r r e n t  d e n s i t y  s h o u l d  s a t u r a t e .  I n  o r d e r  t o  

c c s t :  t h i s ,  t h e  b e a m  c u r r e n t  was m e a s u r e d  a s  t h e  d i s c h a r g e  

c u r r e n t  was v a r i e d  ( N e ~ I D I s ) .  F o r  T = 6 5 O o C ,  t h e  beam c u r -  

= 100 m A  w h i l e  t h e  p l a s m a  D I S  r e n t  a p p e a r s  t o  s a t u r a t e  a t  I 

c u r r e n t  m e a s u r e d  w i t h  RPA c o n t i n u e s  t o  g r o w  ( F i g  5 ) .  F o r  T = 

5 7 0 ° C ,  t h e  beam c u r r e n t  s a t u r a t e s  a t  IDIS = 50 m A  a n d  i s  

r e d u c e d  w i t h  a f u r t h e r  i n c r e a s e  i n  d i s c h a r g e  c u r r e n t .  O n e  

p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  r e d u c t i o n  i n  b e a m  c u r r e n t  i s  

t h a t  a s  t h e  p a r t i c l e s  b e c o m e  f u l l y  c h a r g e d  t h e  e l e c t r o s t a t i c  

f i e l d s  a t  t h e  e x i t  a p e r t u r e  o f  t h e  p l a s m a  c h a m b e r  e i t h e r  t r a p  

o r  d e f l e c t  t h e  d u s t  beam p a r t i c l e s .  I t  s h o u l d  b e  n o t e d  h e r e  

t h a t  i n s p e c t i o n  o f  t h e  p l a s m a  c h a m b e r  a f t e r  a n  e x t e n d e d  p e r i o d  

o f  b e a m  o p e r a t i o n  i n d i c a t e s  a b u i l d  u p  o f  p a r t i c u l a t e s ;  F u r -  

t h e r  i n v e s t i g a t i o n  i s  r e q u i r e d  t o  d e L e r m i n e  i f  t h i s  c u t o f f  'of 

beam c u r r e n t  d o e s  i n d e e d  i n d i c a t e  beam t r a p p i n g .  

T h e  d i f f e r e n c e  i n  t h e  s a t u r a t i o n  p o i n t s  o f  a b e a m  p r o -  

d u c e d  a t  5 7 0 ° C  a n d  6 5 0 ° C  i s  n o t  u n d e r s t o o d  a t  t h i s  p o i n t .  

E n e r g y  A n a l y s i s  

T h e  beam c u r r e n t  a s  a f u n c t i o n  o f  RPA r e t a r d i n g  p o t e n t i a l  

( V R E T )  h a s  b e e n  m e a s u r e d  f o r  many  d i f f e r e n t  d i s c h a r g e  p a r a -  

me te r s .  I n  a d d i t i o n  t h e  s p e c t r a  o f  p l a s m a  e l e c t r o n s  r e a c h i n g  

t h e  RPA was a l s o  m e a s u r e d  f o r  c o m p a r i s o n .  T h e s e  r u n s  a r e  

s h o w n  i n  F i g u r e s  6 - 11. A t  l o w  d i s c h a r g e  c u r r e n t s  ( 10 m A )  

t h e  b e a m  a n d  p l a s m a  c u r v e s  h a v e  q u a l i t a t i v e l y  s i m i l a r  f e a t u r e s  

i n  t h a t  i n f l e c t i o n  p o i n t s  o c c u r  a t  a p p r o x i m a t e l y  t h e  same 

p o i n t s  o n  t h e  c u r v e s .  O n e  n o t a b l e  d i f f e r e n c e  i s  t h a t  a t  

'' 2 E ,r ' s  w h e r e  t h e  p l a s m a  e l e c t r o n  c u r r e n t  i s  c u t  o f f  a s u b s t a n -  

2 ! 



t i a l  beam c u r r e n t  r e m a i n s ,  p r e s u m a b l y  d u e  t o  . .  a s u b s t a n t i a l  

n u m b e r  o f  p a r t i c l e s  t h a t  a r e  n o t  f u l l y  c h a r g e d .  

- 
D I.S 

One  m e a s u r e m e n t  m a d e  a t  a h i g h  d i s c h a r g e  c u r r e n t  ( I  

50  m A )  s h o w e d  a s i g n i f i c a n t  d i f f e r e n c e  i n  beam a n d  p l a s m a  

p r o f i l e s  a s  c a n  b e  s e e n  i n  F i g u r e  11. A s  p r e v i o u s l y  e s t i -  

m a t e d ,  t h e  c h a r g e  o n  a d u s t  p a r t i c l e  a t  t h e  p l a s m a  f l o a t i n g  

p o t e n t i a l  (V,.) i s  

Q = 4r re , rVF  

T h e  e n e r g y  r e q u i r e d  f o r  t h e  R P A  t o  s t o p  a p a r t i c l e  ( Q V R E T )  c a n  

b e  e q u a t e d  t o  t h e  p a r t i c l e  k i n e t i c  e n e r g y  g i v i n g  

For .  t h e  v a l u e s :  V F  = 7 . 5  V ,  V R E T  = 50v, v = 5 4  m/sec a n d p =  

9.8 x l o 3  k g / m  , r i s  0 . 0 3 ~ ~ 1 .  T h i s  v a l u e  i s  c o n s i s t e n t  w i t h  

t h e  p r e v i o u s  e s t i m a t e  o f  p a r t i c l e  d i a m e t e r  o f  r O . 1 A m .  

3 

. L a n g m u i r  P r o b e  M e a s u r e m e n t s  

Some  p r e l i m i n a r y  m e a s u r e m e n t s  were m a d e  u s i n g  a c y l i n d r i -  

c a l  L a n g m u i r  p r o b e  ( 2 cm x 0.25 c m ' d i a m e t e r  t u n g s t e n )  i n t r o -  

d u c e d  i n t o  t h e  p l a s m a .  S w e e p s  o f  t h e  p r o b e  a t  v a r i o u s  

d i s c h a r g e  c u r r e n t s  g i v e  t h e  f o l l o w i n g  e s t i m a t e s  o f  e l e c t r o n  

d e n s i t y  a n d  f l o a t i n g  p o t e n t i a l  

N e [ c m - 3 ~  

2 . 8  x 10 8 

1 . 6  109 

6 7.5 x 10 

8 9 . 9  x 10 

3 

3 . 7  

5.7 

6.1  

6 . 3  



Di.s c u s s i o n  

! d i t h  t h e  p h a s e  s e n s i t i v e  d e t e c t i o n  t e c h n i q u e  i n  p l a c e  

many new m e a s u r e m e n t s  c a n  b e  m a d e .  T h e  R P A  d e t e c t s  a c u r r e n t  

t h a t  i s  d e p e n d e n t  u p o n  t h e  p r e s e n c e  o r  a b s e n c e  o f  t h e  d u s t  

b e a m .  i . e .  W i t h  t h e  o v e n  o f f  o r  t h e  o v e n  p r e s s u r e  n o t  p r o p e r -  

l y  s e t ,  n o  s i g n a l  i s  s e e n .  T h e r e f o r e  a n y  p o s s i b l e  m o d u l a t i o n  

of t h e  b a c k g r o u n d  g a s  p r e s s u r e  i s  n o t  r e s p o n s i b l e  f o r  t h e  

d e t e c t e d  s i g n a l .  T h e  p o s s i b i l i t y  e x i s t s  t h a t  t h e  p a s s a g e  o f  

t h e  b e a m  t h r o u g h  t h e  p l a s m a  l o c a l l y  m o d u l a t e s  t h e  p l a s m a  

d e n s i t y  a n d  w o u l d  t h e r e f o r e  a c c o u n t  f o r  t h e  s i m i l a r i t y  b e t w e e n  

t h e  p l a s m a  a n d  beam R P A  p r o f i l e s  a t  low d i s c h a r g e  c u r r e n t s .  

H o w e v e r ,  t h e  d e p a r t u r e  f r o m  s i m i l a r i t y  f o r  a h i g h  c u r r e n t  

d e n s i t y  w o u l d  i n d i c a t e  t h a t  o n e  i s  i n  f a c t  m e a s u r i n g  p r e -  

d o m i n a n t l y  c h a r g e d ' 6 e a m  p a r t i c l ' e s .  T h e  a n s w e r  may - in  f ' a c t  l i e  

b e t w e e n  t h e s e  t w o  d i v e r g e n t  p o i n t s  a n d  f u r t h e r  i n v e s t i g a t i o n  

i s  r e q u i r e d  t o  r e s o l v e  t h e  i s s u e .  T h e s e  r e s u l t s  d o  d e f i n i t e l y  

s h o w  t h a t  a s t r o n g  i n t e r a c t i o n  d o e s  o c c u r  b e t w e e n  t h e  d u s t  

beam a n d  t h e  p l a s m a .  

4 
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INTRODUCTION 

I n  t h e  p r e v i o u s  p r o g r e s s  r e p o r t ,  c u r v e s  were shown t h a t  i n d i c a t e d  t h a t  

t h e  m o d u l a t e d  c u r r e n t  c o l l e c t e d  by t h e  RPA showed a q u a l i t a t i v e  f u n c t i o n a l  

d e p e n d e n c e  upon t h e  r e t a r d i n g  v o l t a g e  similar t o  t h a t  of t h e  d c  p l a sma  

e l e c t r o n  c u r r e n t .  A t  t h a t  time i t  was n o t  c e r t a i n  w h e t h e r  t h e s e  c u r v e s  

r e p r e s e n t e d  a measurement  of c h a r g e d  d u s t  p a r t i c l e s  o r  m o d u l a t e d  p l a sma  . 

e l e c t r o n s .  Subsequen t  measu remen t s  i n d i c a t e  t h a t  t h e s e  c u r v e s  r e p r e s e n t  

modu la t ed  e l e c t r o n s .  I n  t h e  f o l l o w i n g  s e c t i o n  t h e  m e a s u r e m e n t s  of d u s t  

beam c h a r a c t e r i s t i c s  w i l l  be  d e s c r i b e d .  I n  t h e  n e x t  s e c t i o n  a p o s s i b l e  

mechanism fo r  t h e  s o u r c e  o f  m o d u l a t e d  e l e c t r o n s  is  p r o p o s e d  and  some a n a l y -  

sis i n d i c a t i n g  t h e  u t i l i t y  of t h e s e  m e a s u r e m e n t s  is d i s c u s s e d ,  

DUST BEAM MEASURENENTS -- 
F i g u r e  I shows t h e  d u s t  bearn-plasma i n t e r a c t i o n  s y s t e m ,  F i r s t  of a l l  

a c l o u d  of bisrnuth p a r t i c l e s  is produced  i n  a l o w  p r e s s u r e  oven  ( n o t  shown') 

which d i f f e r e n t i a l l y  puniped t o  p r o d u c e  a h i g h  v e l o c i t y ,  c o l l i m a t e d  beam of 

b i smuth  p a r t i c l e s .  T h i s  heam is p a s s e d  t h r o u g h  a m e c h a n i c a l  c h o p p e r  t o  

p r o d u c e  a p u l s e d  p a r t i c l e  beam, t h e  effects of wh ich  c a n  b e  measured u s i n g  

phase - locked  d e t e c t i o n  t e c h n i q u e s ,  I n  o r d e r  t o  c a r r y  t h i s  o u t  t h e r e  i s  a n  

o p t i c a l  chopper  on t h e  same s h a f t  a s  t h e  beam c h o p p e r  which p r o v i d e s  a 

p h a s e  r e f e r e n c e .  The beam t h e n  p a s s e s  t h r o u g h  t h e  p l a sma  chamber and  is 

c h a r g e d .  Up to  t h i s  p o i n t  t h e  measurement  p r o c e d u r e  is as  p r e v i o u s l y  

d e s c r i b e d .  The d i f f e r e n c e  now is t h a t  a p e r m a n e n t  magnet  w i t h  a peak  f i e l d  

. .  

of 1.3 k g a u s s  h a s  been p l a c e d  in f r o n t  of t h e  RPA e n t r a n c e  a p e r t u r e  t o  

clef lcct i n c i d e n t  e l e c t r o n s  while a l l o w i n g  t h e  d u s t  p a r t i c l e s  t o  p a s s  e s s e n -  

t i a l l y  u n p e r t u r b e d .  S i n c e  a t y p i c a l  p a r t i c l e s '  c h a r g e - t o - m a s s  r a t io  is 

_. ..___ lo1 -- timgs .-- less -- .--.. than-.Eha.t-Qf-an e . l ~ _ c t r c l n , . ~ h i s . . a p ~ ~ s - t o  -be-a--reasonaue-- -- ------ . 
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I 

approach. O b s e r v a t i o n s  of e l e c t r o n  c u r r e n t  w i t h  and  w i t h o u t  t h e  magnet  i n  

place show t h a t  t h e  e l e c t r o n s  a r e  e f f e c t i v e l y  d e f l e c t e d .  Wjth t h e  

m a g n e t i c  d e f l e c t o r  i n  p l a c e ,  t h e  c h a r a c t e r  of t h e  RPA c u r v e s  changed  drama- 

t i c a l l y  d u s t  

beam. t h e  p o t e n t i a l -  of a c h a r g e d  

arid is more i n  l i n e  w i t h ' w h a t  w e  would e x p e c t  from a c h a r g e d  

For a s i m p l e  s p h e r i c a l  c a p a c i t o r  mode l ,  

d u s t  g r a i n  is g i v e n  by 

Q 
@ = 4 E , r  
The  a b i l i t y  of a v o l t a g e  on t h e  r e t a r d i n g  g r i d  of t h e  RPA t o  s t o p  a 

c h a r g e d  p a r t i c l e  is  d e t e r m i n e d  by t h e  e n e r g y  b a l a n c e :  

1 2  - mv 2 = ' " R E T  (2)  

E x p r e s s i n g  t h e  mass i n  terms o f  the r a d i u s  ( r )  and  p a r t i c l e  mass d e n s i t y  

(p) and  s u b s t i t u t i n g  Q from Equa t ion  1 i n t o  E q u a t i o n  2 g i v e s  
. .  

2 2  . . 

"KE3 (3)  

T h e r e f o r e ,  as t h e  c h a r g e ,  a n d  hence 0, o n  a p a r t i c l e  i n c r e a s e s  t h e  v o l t a g e  

r e q u i r e d  t o  s t o p  a p a r t i c l e  i s  reduced .  I n  our  s y s t e m  as  t h e  p l a sma  

d e n s i t y  is i n c r e a s e d ,  t h e  c h a r g e  a c c u m u l a t e d  by a c h a r g e  as it t r ans i t s  the 

p l a s m a  i n c r e a s e s  u n t i l  t h e  f l o a t i n g  p o t e n t i a l  is r e a c h e d .  I n  F i g u r e  2 t h i s  

e f f e c t  c a n  be s e e n  i n  s u c c e s s i v e  I vs V c u r v e s  as  t h e  p l a sma  d i s c h a r g e  

c u r r e n t  is i n c r e a s e d .  For l o w  d e n s i t y  (low d i s c h a r g e  c u r r e n t )  a small 

p e r c e n t a g e  r e s u l -  

t i n g  i n  a f l a t  c u r v e .  As t h e  d e n s i t y  is  i n c r e a s e d  i n  s t e p s ,  a h i g h e r  

number of p a r t i c l e s  are s t o p p e d  i n  t h i s  r a n g e .  I n  f i g u r e  3, a c u r v e  is 

shown f o r  plasma a n d  beam c o n d i t i o n s  w h e r e i n  almost a l l  p a r t i c l e s  are 

of t h e  p a r t i c l e s  are s t o p p e d  be tween  VR = 0 and  -2500 V 

stopped w i t h i n  t h e  r a n g e  of t h e  

i c l-cs a n  .. f 111-1 y . c h a r g e d  . a1 1- - p ,. . - ... 

1 

RPA. I f ,  a t  t h i s  p o i n t ,  o n e  a s s u m e s  t h a t  

tu' t h e - f 3 o a t f  ng. -poterrt+a3~- -0 y-.--Eq ua tim-3 ------ ----.--- F 
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c a n  be r e a r r a n g e d  t o  g i v e  a u n i q u e  f u n c t i o n a l  d e p e n d e n c e  be tween  t h e  p a r -  

t i c l e  rati ius  and the r e t a r d i n g  p o t e n t i a l .  

It' o n e  assumes t h a t p  is a c o n s t a n t  a n d  v is  a d e l t a  f u n c t i o n ,  t h e n  e a c h  

v a l u e  of VRET c o r r e s p o n d s  u n i q u e l y  t o  a p a r t i c l e  of d e f i n i t e  r a d i u s ,  r. 

, of t h e  c u r v e  i n  F i g u r e  3 p l o t t e d  as a f u n c t i o n  of dlRPA The d e r i v a t i v e ,  - 
dVRET 

g i v e s  t h e  e l e c t r o n  f l u x  as  a f u n c t i o n  of r a d i u s ,  I(r). Again fo r  V2ET 

f u l l y  c h a r g e d  p a r t i c l e s  

I ( r )  = U ( r ) P ( r )  ( 5 )  

w h e r e  P ( r )  is t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n .  Therefore 

The n o r m a l i z e d  p a r t i c l e  s i z e  d i s t r i b u t i o n  vas d e t e r m i n e d  u s i n g  t h i s  pro- 

c e d u r e  f o r  t h e  curve i n  F i g u r e  3 and  t h e  r e s u l t s  are shown i n  F i g u r e  4. 

Also shown i n  F t g u r e  4 is a p a r t i c l e  s i z e  d i s t r i b u t i o n  t a k e n  t a k e n  from SEM 
. 

p h o t o g r a p h s  of c o l l e c t e d  beam d u s t .  A l t h o u g h  t h e  maxima o c c u r  a t  d i f f e r e n t  

r a d i i ,  t h e  g e n e r a l  w i d t h  a n d  s h a p e  of t h e  two c u r v e s  compare  q u i t e  w e l l .  

Based upon t h e  s i m p l e  d e r i v a t i o n  u s e d ,  t h e  c o m p a r i s o n  is q u i t e  good and  

i n d i c a t e s  t h a t  the measurement  t e c h n i q u e  is sound  and  c a n  p r o v i d e  mean- 

i n g f u l  d a t a  d e s c r i b i n g  t h e  i n t e r a c t i o n  of d u s t  g r a i n s  w i t h  a plasma. 

MODULATED ELECTRONS 

A t  f i r s t  t h e  s o u r c e  of m o d u l a t e d - e l e c t r o n s  was u n c l e a r ,  however  the 

f o l l o w i n g  h y p o t h e s i s  seems t o  c o n s i s t e n t l y  e x p l a i n  t h e  o b s e r v e d  f e a t u r e s  of 

t h e  m o d u l a t e d  e l e c t r o n  s i g n a l  c o l l e c t e d  w i t h  t h e  RPA. I n  F i g u r e s  58 a n d  b 

, 

-- - -- - . Ehe - -relat$ve--  cond iQ4ene-o f -  &e--phsma--ui&h- and--.wi~huuL-the u-bealL--Ue -- .-----___..__ 
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shown. One i m p o r t a n t  d i f f e r e n c e  between t h e  t w o  cases is t h a t  t h e  a v e r a g e  

p l a sma  - p o t e n t i a l ,  4, i s .  changed by t h e  p r e s e n c e  of t h e  d u s t  g r a i n s  as  

o u t l i n e d  by Whipple  e t  a1.l e n t e r i n g  

- 

The r e l a t i v e  e n e r g y  of t h e  e l e c t r o n s  

t h e  RPA w i t h  and w i t h o u t  t h e  d u s t  beam p r e s e n t  are t h e r e f o r e  m o d u l a t e d  by a 

small v a l u e , A @ .  If o n e  now c o n . s i d e r s  a n  i d e a l i z e d  RPA c u r v e  and  m o d u l a t e s  

t h e  r e l a t i v e  e n e r g y  of t h e  particles w h i l e  l o o k i n g  a t  a f i x e d  VRm t h e  

r e s u l t i n g  e f f e c t s  can  b e  i l l u s t r a t e d  i n  F i g u r e  6. As t h e  v o l t a g e  is modu- 

lated by A4 t h e  c u r r e n t  t o  t h e  RPA is m o d u l a t e d  by I and t h i s  is t h e  

s i g n a l  d e t e c t e d  w i t h  t h e  l o c k - i n  amplifier.' F o r  a small&), t h e  c u r r e n t  * 

- 

- 
- 

measured  

f o r  t h e  plasma ( AI at dI/dV A$) . 
by t h e  RPA is p r o p o r t i o n a l  t o  t h e  d e r i v a t i v e  o f  t h e  I v s  V c u r v e  

A n o t h e r  p o s s i b l e  e f f e c t  is t h e  d i r e c t  m o d u l a t i o n  o f  t h e  e l e c t r o n  

d - e n s i t y  . i n  t h e  plasma.  If one asumes t h a t  t h e  e l e c t r o n  d e n s i t y  I s  un i -  

f o r m l y  m o d u l a t e d  o v e r  a i l  p h a s e  s p a c e  ( L i e .  t h e  am 'p l i t ude  b u t  n a t ' t h e  s h a p e  

o f  t h e  v e l o c i t y  d i s t r i b u t i o n  is changed) ,  t h e n  t h e  m o d u l a t e d  c u r r e n t  s i g n a l  

. _  

1. c o n s t  w i l l  be p r o p o r t i o n a l  t o  t h e  d.c. s i g n a l  (Imod = CI 

In an i n i t i a l  a t t e m p t  t o  v e r i f y  t h e s e  h y p o t h e s e s ,  some p r e v i o u s  

d a t a  h a v e  been  a n a l y z e d .  F i g u r e  7 shows t h e  n o r m a l i z e d  modula ted  e l e c t r o n  

and  p l a s m a  c u r v e s  p l o t t e d  t o g e t h e r .  The  close match  would seem t o  i n d i c a t e  

a d e n s i t y  m o d u l a t i o n  e f f e c t .  However, o n e  m u s t  remember t h a t  fo r  a 

! - laxwel l ian  v e l o c i t y  d i s t r i b u t i o n ,  t h e  i d e a l  RPA c u r r e n t  is g i v e n  by 

. 

I = I exp[V/KT] 
0 

T h e r e f  ore 

d I  - dV d exp[V/KT] I 

(7) 

The t w o  e f f e c t s  are s e e m i n g l y  i n d i s t i n g u i s h a b l e .  F i g u r e s  8 and 9 show more 



i n  n a t u r e .  

I n  b o t h  cases t h e  me c u r v e s  h a v e  been  i n t e g r a t e d  t o  g i v e  f u n c t i o n s  which 

p a r t i c u l a r  shows a me c u r v e  t h a t  a p p e a r s  q u i t e  d i f f e r e n t i a l  i n  

more c l o s e l y  resemble t h e  o r i g i n a l  p l a sma  c u r v e s .  

'These s i g n a l s  seem t o  c o n t a i n  a l a r g e  amount of d a t a  r e l a t i n g  t o  

t h e  If o n e  a s s u m e s  p u r e  

stiifts i n  (0, t h e  r a t i o  of t h e  i n t e g r a t e d  beam c u r v e  and  t h e  p l a s m a  c u r v e  is 

a m e a s u r e  of 0. If o n e  a s s u m e s  p u r e  s h i f t s  of e l e c t r o n  d e n s i t y ,  c o m p a r i s o n  

of t h e  beam a n d  p l a sma  c u r v e s  would p r o v i d e  a m e a s u r e  of t h e  r e l a t i v e  

d e n s i t y  change.  The  a c t u a l  s i t u a t i o n  p r o b a b l y  is a m i x t u r e  of the  t w o  

e f f e c t s  a n d  p e r h a p s  o t h e r  e f fec ts  which  h a v e  n o t ,  a s  y e t ,  b e e n  c o n s i d e r e d . .  

From a t h e o r e t i c a l  p o i n t  of v i e w ,  i t  would b e  u s e f u l  t o  g e n e r a t e  

t h e  p e r t u r b e d  e l e c t r o n  v e l o c i t y  d i s t r i b u t i o n  t o  b e  compared w i t h  t h e  unpe r -  

t u r b e d  d i s t r i b u t i o n .  By co inpar ing  t h e  two d i s t r i b u t i o n s ,  t h e  n a t u r e  of t h e  

p e r t u r b a t i o n  of t h e  plasma d u e  t o  t h e  d u s t  beam. 

niodalatctl . R P A  profile could. be p r e d i c t e d  a n d  c o r r e l a t e d  with a c t u a l  . . 
measureinen ts. 

R EFEX I:iKES 

E. C. Whipple ,  T. G. N o r t h r o p ,  and D. A. Mendis  "The Electrostatics of a 
Dus ty  Plasma" t o  b e  p u b l i s h e d  i n  t h e  J o u r n a l  of G e o p h y s i c a l  R e s e a r c h .  
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F i g u r e  2 .  R P A  c u r v e s  o f  d u s t  beam f o r  d i f f e r e n t  d i s c h a r g e  c u r r e n t s  
( a n d  e l e c t r o n  d e n s i t i e s )  i n  a b a c k g r o u n d  o f  5 x 

. .Torr. o f  Argon. 
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Figure 5. I d e a l i z e d  sketch o f  t h e  c o n d i tions viewed with R P A  
w i t h o u t  ( a )  and with ( b )  t h e  d u s t  beam prese-nt. -Thi-s- 

t h e  charged grains. 
_ -  f i - g u - r e - a - l s o  shews-overlapping Debye -spheres--due- .to - -- 
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F i g u r e  6 .  S c h e m a t i c  o f - t h e  p r o c e s s  by  w h i c h  m o d u l a t i o n  o f  t h e  plasma - -. - 
p o t e n t i a l ,  AO, g i v e s  r i s e - - t o  -a- m - o d u l a t e d - R P A -  c U r r e n t - , - A L  . 
when  v i e w e d  a t  a fixecl_re-tarding__gr-id bFas,-V _.______ 
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F i g u r e  7. C o m p a r i s o n  o f  modulated e l e c t r o n  current ( I d )  and plasma 

c u r r e n t  o f  2ma a t  a d i s c h a r g e  voltage o f  l O O V  in a 
-1.. .. . - - .. - ~ .cur.ren.~-.-(Ip)...m.eas.u._r..e.dwi: th th-e B . e m  RP-A..wi.th- a----d+chzrge:;i --._. 

background of 9 x T o r r  o f  Argon. 
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F i g u r e  8 .  C o m p a r i s o n  o f  m o d u l a t e d  e l e c t r o n  c u r r e n t  ( I d ) ,  i n t e g r a t e d  
m o d u l a t e d  e l e c t r o n  c u r r e n t  ( J I d  d V )  a n d  -p l a - sma-  c.urr-e.nt . 

I I p  I measured- .with . t h e B . e a m _  .PP-A-_wi-th--a___ d-LScha_r%e-cu!.r-C& 
o f  4 ma at a d i s c h a r g e  v o l t a g e  o f  1 0 0 V  i n  a b a c k g r o u n d  
O f  T o r r  o f  A r g o n .  
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F i g u r e  9 .  C o m p a r i s o n  o f  m o d u l a t e d  e l e c t r o n  c u r r e n t  ( I d ) ,  i n t e g r a t e d  
m o d u l a t e d  e l e c c r o n  c u r r e n t  ( I I d  d V )  a n d  p l a s m a  c u r r e n t  . 

o f  1 0 4  ma a t  a d i s c h a r g e  v o l t a g e  o f  l O O V  i n  a b a c k g r o u n d  
o f  7 x 10-4 ~ o r r  o f  A r g o n .  
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PROGRESS REPORT #6 

Dur ing  t h e  p a s t  p e r i o d  t h e  e x p e r i m e n t a l  a c t i v i t y  h a s  been c o n c e n t r a t e d  

The f i r s t  area i s  a more d e t a i l e d  s t u d y  of t h e  effects of 

The 

u s e  

The t h i r d  area is  d e s i g n  c o n s i d e r a t i o n  f o r  

c o l l i d i n g  beam e x p e r i m e n t  i n c l u d i n g  c o n c e p t s  f o r  t h e  p r o d u c t i o n  of nega- 

i n  t h r e e  areas. 

o v e n  t e m p e r a t u r e  and beam v e l o c i t y  on t h e  p a r t i c l e  s ize  d i s t r i b u t i o n .  

s e c o n d  area is d e s i g n  and f a b r i c a t i o n  of a laser s c a t t e r i n g  s y s t e m  for 

as  a laser d o p p l e r  v e l o c i m e t e r .  

a 

t i v e l y  and p o s i t i v e l y  c h a r g e d  d u s t  beams. 

- Beam C h a r g i n q  

I n  p r e v i o u s  measurements  of the c h a r g e d  d u s t  beam u s i n g  t h e  r e t a r d i n g  

p o t e n t i a l  a n a l y z e r  (RPA), t h e  r e t a r d i n g  p o t e n t i a l  w a s  swep t  manual ly .  

S i n c e  of 

t h e  RPA c u r r e n t  (dI/dV) , t h e  analysis r e q u i r e d  t a k i n g  t h e  d e r i v a t i v e  of 

b o t h  I and V and c a l c u l a t i n g  the q u o t i e n t .  T h i s  p r o c e s s  is p a r t i c u l a r l y  

s e n s i t i v e  t o  any  n o i s e  or d i s c o n t i n u i t i e s  i n  t h e  v o l t a g e  sweep. To circum- 

v e n t  t h i s  problem a n  o u t p u t  ramp from o n e  of t h e  o s c i l l o s c o p e s  on l o a n  from 

NASA was used t o  d r i v e  t h e  h i g h  v o l t a g e  s u p p l y  g i v i n g  a l i n e a r  v o l t a g e  

sweep. S i n c e ,  i n  t h i s  case, t h e  v o l t a g e  d e r i v a t i v e  is c o n s t a n t ,  dI/dV is 

p r o p o r t i o n a l  t o  d I  a l o n e .  T h i s  g r e a t l y  s i m p l i f i e s  t h e  a n a l y s i s  and r e d u c e d  

t h e  n o i s e  s e n s i t i v i t y .  

t h e  particle s i ze  d i s t r i b u t i o n  is  p r o p o r t i o n a l  t o  t h e  d e r i v a t i v e  

Using t h i s  s y s t e m ,  a number o f  e x p e r i m e n t s  have  been r u n  on f u l l y  

c h a r g e d  d u s t  beams. The first expe r imen t  w a s  done  t o  d e t e r m i n e  t h e  effect 

of oven  t e m p e r a t u r e  upon t h e  p a r t i c l e  s ize  d i s t r i b u t i o n .  This was accom- 

p l i s h e d  c h a n g i n g  t h e  oven t e m p e r a t u r e  w h i l e  m a i n t a i n i n g  t h e  oven p r e s s u r e  

(80 T o r r )  and plasma c o n d i t i o n s  (-80V d i s c h a r g e  v o l t a g e  and 20 ma a n o d e  

c u r r e n t )  a t  a l e v e l  t h a t  p rov ided  a f u l l y  c h a r g e d  d u s t  beam. The oven 

1 



0 temperature was incremented in 10°C steps from 570 C (temperature at which 

beam current is first measurable) to 66OoC. An additional measurement was 

also made at 700OC. Figure 1 shows normalized RPA curves at the two 

temperature extremes, 570 and 70O0C. The 57OoC curve shows much more noise 

than the 7OO0C curve because the relative magnitudes differ by a factor of 

two hundred. Figures 2 - 4 show derived particle size distributions based 

on a floating potential (V,) of 6V and a beam velocity of 50 m/s. These 

curves show a steady increase in particle size with temperature, a trend 

which is consistent with nucleation studies of aluminum done by Yatsuya et 

a1.l these studies particle distributions with mean sizes of 0.05 ,u rn  

exhibited half-widths of from 0.02 to 0 .032  m m .  Our measured half-widths 

In 

range from 0.030 to 0.035,um. 0.01 

, u r n  per 100°C while ours varies 0.008,um per 100°C. These comparisons, 

albeit between two dissimilar materials, do indicate that this measurement 

technique gives realistic parameters ' for particle size distribution. Since 

Their mean size varies at a rate of 

a new SEM measurements of 

particle size distributions are probably required for a better determina- 

tion of the absolute accuracy of this technique. 

number of changes have been made in the system, 

This set of data was also analyzed to determine the dependence of the 

peak RPA current, (which is proportional to the particle density) upon the 

oven temperature. The current is exponentially dependent upon the tempera- 

ture (See Figure 5 ) .  Fitting to an exponential of the form, I = A 

exp [-B/T], where T is in OK, gives 

(1) 4 I = 7 . 4  x lo9 exp [-4.2 x 10 /TI A. 
4 Therefore 

tial pressure of bismuth expressed in the same form is given by 

the particle density should go as exp [ - 4 . 2  x 10 /TI. The par- 

( 2 )  
8 4 P = 2.6 x 10 exp [ - 2 . 3  x 10 /T] Torr 

P 

. 

2 



If one assumes that the particle density [N] is proportional to the current 

and that the density of bismuth atoms [n] is proportional to the partial 

pressure then 

N cL n1O8 (3) 

This relationship is consistent with nucleation theory where the nucleation 

rate is given by: 2 

J oc n2 exp [-C/T~~(lns)~] ( 4 )  

where Tc = temperature in the condensation chamber 

S = supersaturation ratio in condensation region. 

Experimentally Nuth2 has shown 1nS 1/Tc. Therefore 

( 5 )  
2 J d- n exp [-C/Tc] 

This functional dependence on Tc could easily account for the observed 

deviation from a square law dependence of the observed particle density on 

n. 

observed trends are not inconsistent with nucleation theory. 

The above correlation is far from rigorous, but does indicate that the 

. * 

As pointed out in the previous progress report the relationship 

between the radius of a fully charged particle and the retarding potential 

required to stop it is given by 

where VF = floating potential [VI 

V R  = retarding potential [VI 
3 P = density [kg/m ] 

v = velocity [m/S] 

As a test of this analysis, RPA sweeps were made at a fixed temperature 

(62OOC) and fixed plasma parameters [\IDIS - -8OV, number 

of different velocities. Changing the velocity, changes the scale for the 

IA = 2ha] for a 

3 



p a r t i c l e  radius a s  a f u n c t i o n  of VR. T h e r e f o r e ,  o n e  would e x p e c t  a f t e r  

p r o p e r  s c a l i n g ,  v e l o c i -  

t ies. F i g u r e  6 shows t h a t  t h i s  is i n d e e d  t h e  case f o r  t h r e e  d i f f e r e n t  

t o  g e t  t h e  same p a r t i c l e  s i ze  d i s t r i b u t i o n  a t  a l l  

v e l o c i t i e s .  

t e n c y  

c i b i l i t y .  

I n  a d d i t i o n ,  compar ing  F i g u r e  6 w i t h  F i g u r e  3 shows a c o n s i s -  

of results f o r  r u n s  t a k e n  on d i f f e r e n t  d a y s  i n d i c a t i n g  good r ep rodu-  

Laser D i a g n o s t i c s  

As i n d i c a t e d  i n  t h e  p r e v i o u s  p r o g r e s s  r e p o r t  a laser d o p p l e r  v e l o c i -  

meter is being set up and w i l l  be  o p e r a t e d  i n  t h e  c o n f i g u r a t i o n  shown i n  

F i g u r e  7. The c u b e  beam s p l i t t e r  p r o d u c e s  two beams of e q u a l  i n t e n s i t y  

which i n t e r s e c t  a t  some remote p o i n t  d e p e n d i n g  upon t h e  i n c i d e n c e  a n g l e  of 

t h e  i n p u t  l a s e r  beam. A t  t h e  i n t e r s e c t i o n  p o i n t  i n t e r f e r e n c e  f r i n g e s  are 

produced.  As a p a r t i c l e  p a s s e s  t h r o u g h  t h i s  f r i n g e  p a t t e r n  t h e  s c a t t e r e d  

l i g h t  component 

of p a r t i c l e  v e l o c i t y  p e r p e n d i c u l a r  t o  t h e  f r i n g e  p a t t e r n .  This f r e q u e n c y  

i n t e n s i t y  is modulated a t  a f r e q u e n c y  p r o p o r t i o n a l  t o  t h e  

is g i v e n  by 

Most of t h e  components  r e q u i r e d ,  h a v e  been  o r d e r e d  and r e c e i v e d .  The 

o n l y  r ema in ing  component is  a n  i n t e r f e r e n c e  f i l t e r  which p a s s e s  l i g h t  a t  

633 nm and  will be used  t o  k e e p  e x t r a n e o u s  l i g h t  from t h e  p h o t o m u l t i p l i e r .  

I n i t i a l  t h e  

l a c k  o f  t h e  i n t e r f e r e n c e  f i l t e r  h a s  s e r i o u s l y  c o n s t r a i n e d  t h e  a l i g n m e n t  and 

measurements of l i g h t  s c a t t e r i n g  h a v e  n o t  been s u c c e s s f u l  b u t  

a b i l i t y  t o  r e j e c t  s t r a y  l i g h t .  

Although s c a t t e r i n g  h a s  not a s  y e t  been s e e n ,  c a l c u l a t i o n s  i n d i c a t e  

t h a t  i t  should  b e  v i s i b l e .  F o r  t h e  p a r t i c l e s  of i n t e r e s t  w i t h  r a d i i  

- 0.06 ~ m ,  t h e  s c a t t e r i n g  is i n  t h e  R a y l e i g h  l i m i t  and t h e  cross s e c t i o n  

4 

. 



is g i v e n  by 

P =  lo 3 a 2 ( k a ) 4  

where a = p a r t i c l e  r a d i u s  

k = r  2 f r  

-11 2 For = 633 nm t h e  c r o s s  s e c t i o n  f o r  a . 0 6 ~  p a r t i c l e  is  4.5 x 10 cm . 
5 For a 1 mW laser and f / 2  c o l l e c t i o n  o p t i c s ,  3 x 10 p h o t o n s / s e c  are  d e t e c -  

t e d  p e r  p a r t i c l e .  For  a p h o t o m u l t i p l i e r  g a i n  of 10 t h e  r e s u l t i n g  c u r r e n t  

is 50 nA, a v a l u e  e a s i l y  d e t e c t e d  u s i n g  a l o c k - i n  a m p l i f i e r  or p i c o a m e t e r .  

6 

When t h e  i n t e r f e r e n c e  f i l t e r  is  r e c e i v e d ,  f u r t h e r  s c a t t e r i n g  measurements  

w i l l  be  c a r r i e d  out. It s h o u l d  a l s o  b e  n o t e d  t h a t  t h e  i n i t i a l  measurements  

were done  a t  a t e m p e r a t u r e  of 60OoC. If o n e  refers t o  F i g u r e  5 ,  it c a n  b e  

s e e n  t h a t  a t  least a n  o r d e r  of magnitude g a i n  i n  p a r t i c l e  d e n s i t y  c a n  b e  

a c h i e v e d .  

C o l l i d i n q  Beams 

With t h e  p r e s e n t  system t h e  b i smuth  beam is  c h a r g e d  n e g a t i v e l y  by 

p a s s i n g  t h r o u g h  a d i s c h a r g e  t u b e  w i t h  a w e l l  d e f i n e d  plasma. F o r  t h e  

c o l l i d i n g  beam e x p e r i m e n t ,  t h e  s i z e  of t h e  d i s c h a r g e  is somewhat cumbersome 

a n d  t h e r e f o r e  a small e l e c t r o n  beam was b u i l t  and t e s t e d  f o r  its a b i l i t y  t o  

c h a r g e  t h e  beam. a gun c a p a b l e  

of p r o d u c i n g  up t o  1 ma of e l e c t r o n  c u r r e n t  w a s  produced. T h i s  e l e c t r o n  

c u r r e n t  e q u a l  

t o  t h o s e  a c h i e v e d  w i t h  t h e  plasma. The gun i tself  is q u i t e  compact  and 

w i l l  f i t  i n  a o n e  i n c h  d i a m e t e r  c o n f l a t  vacuum tee. 

With a s i m p l e  f i l a m e n t  and grounded g r i d ,  

was more t h a n  a d e q u a t e  t o  c h a r g e  t h e  b i smuth  beam to  l e v e l s  

The problem of p r o d u c i n g  a p o s i t i v e l y  c h a r g e d  beam is  more d i f f i c u l t .  

Two p o s s i b l e  a v e n u e s  are open. One is t o  u s e  a n  u l t r a v i o l e t  s o u r c e  t o  

p roduce  p h o t o e m i s s i o n  of e l e c t r o n s  r e s u l t i n g  i n  a n e t  p o s i t i v e  c h a r g e .  A t  

5 



this point, the major problem appears to be finding an appropriate uv 

source. Figure 8 shows the photoemission yield f o r  various metals as 

measured by Feuerbach and Fitt~n.~ As can be seen the yield is low (lo-' 

to 10 ) in the 5 to 7 eV range which is the output range of a deuterium 

lamp. A typical output in this range is 10 ta 40 mW of uv radiation. 

-4 

Since the dust beam is moving rapidly, the interaction time is small. If 

one could construct a system allowing for the interaction of a 10 cm 

segment in 

diameter, one would expect 2.5 x 10 photon interactions with a O . 1 A m  

radius particle. Using the photo yeilds quoted, this results in 2.5 to 25 

units of positive charge. Although further investigation of appropriate uv 

of a dust beam moving at 1000 cm/sec with a 10 mW uv beam 4 mm 
5 

sources is anticipated, it seems more efficient to proceed with a neutral 

beam, charged beam collision experiment. Based upon the measurements shown 

in Figure 5 ,  it is estimated that a beam with a density of 1.5 x 10 

particles At 50 m/s this coiresponds to a flux 

of 7.5 x 10 particles per second-cm . The total cross section of an 

4 -  

per cm3 can be achieved. 
7 2 

intersecting beam of the same density is 

rT = GjnAl 

A = area of incident beam where' 

1 = scattering length 

n = density 

= cross section per particle pP 
The collision frequency is then 

f = F p T  = FGpnA1 

f o r  F = 7.5 x lo7 sec-l 

F 0 1O'lO cm2 

4 -3 n = 1.5 x 10 cm 

6 



2 A = lcm 

1 = 1 c m  

f = 112 HZ 

If it may be possible to detect 

and measure the collision products using the RPA since the coalesced or 

scattered particles would maintain the original negative charge. 

this collision frequency can be achieved, 

REFERENCES 

1. S. Yatsuya, S .  Kasukabe, R. Uyeda, "Formation of Ultrafine Metal Parti- 
cles by Gas Evaporation Technique. I. Aluminum in Heliu, Jap. J. Appl. 
Phys., 12, 1675 (1973). 

2. J. A. Nuth, "Experimental and Theoretical Studies of Interstellar 
Grains, '' NASA "-83883, ( 1981 ) . 

3. B. Feuerbacher and B. Fitton, "Experimental Investigation of 
Photoemission from Satellite Surface Materials," J. Appl. Phys. , 43, 
1563 (1972). 

7 



c 

Progress lieport No. 7 

An Experimental Investigation 
of 

Dusty Plasmas 

Phase I: gust Particle Production and 
Charging Characteristics 

P. 0.  XO. ES1108-2264 

Prepared for: 

Space Physics Group 
University of California at San Diego 

LaJolla, California 92093 

Prepared by : 

l?. C. Eazelton 
E. J. Yadlowsky 

HY-Tech Research Corporation 
Post Office Box 3422 

Radford, Virginia 24141 

September 9, 1965 



!,as;pr Ycatterin<i 

i.11~- d i f f e r e n t i a l  s c a t t e r i n g  c ross  s e c t i o n  f o r  R a y l e i g h  s c a t t e r i n g  is 

g i v e n  b y  

where  a = p a r t i c l e  r a d i u s  

2fr  k = 

‘She laser s c a t t e r i n g  s y s t e m ,  as p r e s e n t l y  c o n f i g u r e d ,  h a s  a n  f / 7  c o l l e c t i o n  

s y s t e m  c e n t e r e d  a t  0 = 135 d e g r e e s  (back  s c a t t e r i n g ) .  An f / 7  s y s t e m  sub- 

t e n d s  a n  a n g l e  of  8 d e g r e e s  from @ = 131 t o  139. If o n e  i n t e g r a t e s  t h e  

d i f f e r e n t i a l  cross s e c t i o n ,  t h e  t o t a l  cross s e c t i o n  f o r  s c a t t e r i n g  i n t o  t h e  

c o l l e c t i o n  op t i c s  is: 

= 2.3 x [9)4 a 6 35 
14 2 F o r  a= 0.633&1!1 and  a = 0.05~m, q35 = 3.4 x 10- cm . 

For  a 5 ml:’ lIet<e lase< beam 0.8 mm i n  d i a m e t e r ,  t h e  i n c i d e n t  pho ton  

The t o t a l  number of p h o t o n s  f l u x  d e n s i t y ,  F,  is  3 x 1OI8 pho tons /  sec-cm2. 

scattered i n t o  t h e  c o l l e c t i o n  o p t i c s  a s  a s i n g l e  p a r t i c l e  p a s s e s  t h r o u g h  

t h e  s c a t t e r i n g  r e g i o n  i s  

S135 = P F A t  

where  A t  i s  t h e  p a r t i c l e  t r a n s i t  time (At = 1.6 x sec f o r  v = 5000 

cm/sec>. Using t h e s e  v a l u e s ,  t h e  a v e r a g e  number of p h o t o n s  s c a t t e r e d  i n t o  

t h e  c o l l e c t i o n  op t ics  is 1.7 p h o t o n s  p e r  p a r t i c l e .  

c 

NOW, working backwards  from a c t u a l  s c a t t e r i n g  d a t a ,  a n  estimate of t h e  

number of pho tons  s c a t t e r e d  i n t o  t h e  c o l l e c t i o n  o p t i c s  c a n  be  made. F i r s t  

of a l l ,  s c a n s  of t h e  d u s t  beam i n d i c a t e  a beam d i a m e t e r  of 3 nun. With a 

0.8 rim laser  bean c r o s s i n g  a t  r i g h t  a n g l e s ,  

10-3cn-3. 

t h e  s c a t t e r i n g  volume i s  1.5 x 

Based upon RPA measurements ,  t h e  p a r t i c l e  d e n s i t y  a t  65OOC is 3 
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x 10 4 ci;~ -3 . ' Dust  a c c u m u l a t i o n  on a t a r g e t  g i v e s  a v a l u e  of 5 x 10 4 cm -3 . 
4 -3 Using  a mean v a l u e  or' 4 s 10 crn , t h e  t o t a l  number of p a r t i c l e s  i n  t h e  

s c a t t e r i n g  volume i s  60. Under t h e s e  c o n d i t i o n s  w i t h  t h e  p h o t o m u l t i p l i e r  

a t  1500V t h e  c o l l e c t e d  c u r r e n t  is 8.6 x lo-' A.  With a t y p i c a l  g a i n  of 1.2  

s 10 and a quantum e f f i c i e n c y  of 12.52, o n e  c a n  c a l c u l a t e  t h a t  t h e  t o t a l  

number of c o l l e c t e d  p h o t o n s  is 3.8 x lo5 pho tons / sec .  Account ing  f o r  

6 

t r a n s m i s s i o n  l o s ses  of windows and t h e  i n t e r f e r e n c e  f i l t e r ,  t h e  t o t a l  

s c a t t e r i n g  ra te  i n t o  t h e  c c l l e c t i o n  s o l i d  a n g l e  is  I = 1.1 x 10 6 pho- 

t o n s / s e c .  T h e r e f o r e ,  t h e  a v e r a g e  number of pho tons  s c a t t e r e d  i s  g i v e n  by 

6 - 1 A t  1.1 :< i o  x i . ~  x - s =  - 
N 60 

= 0.3 p h o t o n s / p a r t  

T h i s  i s  i n  r e a s o n a b l e  agreement  w i t h  t h e  R a y l e i g h  c a l c u l a t i o n  when o n e  

c o n s i d e r s  t h a t  t h e  c o l l e c t e d  par t ic les  a p p e a r  b l a c k  and t h e r e f o r e  have  a 

h i g h  a b s o r p t a n c e .  

S i n g l e  P a r t i c l e  D e t e c t i o n  

As shown i n  t h e  p r e v i o u s  s e c t i o n ,  t h e  s c a t t e r i n g  from a s i n g l e  p a r t i c -  

l e  of 

s i n g l e  p a r t i c l e  e v e n t s .  T h e r e f o r e  a more p o w e r f u l  laser would b e  r e q u i r e d .  

F o r  a o n e  w a t t  Argon i o n  laser o p e r a t i n g  a t  488 nm, o n e  g a i n s  i n  t h r e e  

ways. ~ ' i r s t ,  and most i m p o r t a n t l y ,  t h e  number of i n c i d e n t  p h o t o n s  is 

i n c r e a s e d  b y  a i a c t o r  of 200. Second ly ,  t h e  s c a t t e r i n g  c ross  s e c t i o n  g o e s  

and i s ,  t h e r e f o r e ,  i n c r e a s e d  by a factor  o f  2.8. F i n a l l y ,  t h e  

quantum e f f i c i e n c y  of t h e  PMT i n c r e a s e s  from 12  t o  17%. T a k i n g  t h e s e  

fac tors  i n t o  a c c o u n t ,  t h e  a c t u a l  p h o t o n s  s c a t t e r e d  i n t o  t h e  c o l l e c t i o n  

o p t i c s  would b e  i n c r e a s e d  t o  170 photons .  Tak ing  t h e s e  p h o t o n s  t h r o u g h  t h e  

p r e s e n t  c o l l e c t i o n  s y s t e m  would r e s u l t  i n  a p u l s e  of 42 mV,  a r e a d i l y  

is n o t  i n t e n s e  enough t o  p r o v i d e  a s t a t i s t i c a l l y  m e a n i n g f u l  measu re  

-_I . 

ileJe 4 
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d e t e c t a b l e  s i g n a l .  Going f rom f / 7  t o  f/3.5 c o l l e c t i o n  o p t i c s  would g i v e  

a n o t h e r  f a c t o r  o f  4 i n c r e a s e .  Based o n  t h e s e  c a l c u l a t i o n s ,  t h e  d e t e c t i o n  

of. s i n g l e ,  0.05 ~ r n  r a d i u s  p a r t i c l e s  seems q u i t e  f e a s i b l e .  Wi th  t h e s e  

s i g n a l  s t r e n g t h s ,  t h e  a m p l i t u d e  and  d u r a t i o n  of t h e  p u l s e  c a n  b e  a c c u r a t e l y  

measured. 

of t h e  p a r t i c l e s .  

Proposed  P a r t i c l e  C o l l i s i o n  Exper imen t  

L i g h t  S c a t t e r i n g  

These p r o v i d e  a nieasure of t h e  r e l a t i v e  s i ze  and  normal  v e l o c i t y  

.'is i n d i c a t e d ,  t h e  use of a 1 watt  Argon i o n  laser would make t h e  

d c t e c t i o i i  of s i n ; ? l e  par t ic les  f e a s i b l e .  T h e r e f o r e ,  a s c a t t e r i n g  e x p e r i m e n t  

c o n f i g u r e d  as  shown  i n  F i g u r e  1 i s  p roposed .  The d u s t  b e a m  are c o l l i d e d  

a t  an a n g l e  o f  45. and t h e  lascr beam p r o p a g a t e s  p e r p e n d i c u l a r  t o  t h e  p l a n e  

formed b y  t h e  c o l l i d i n g  d u s t  beams. The r e a s o n  f o r  t h i s  geometry  c a n  b e  

jeeli !I: t h e  v e l o c i t y  space d i a g r a m  of F i g u r e  8 2 .  Assuming c o l l i s i o n s  

0 

. bet l ieen  particles of e q u a l  mass a n d  v e l o c i t y ,  t h e  c o l l i s i o n  p r o d u c t s  l i e  on  

21 s p h e r e  ( c i r c l e  i n  d i a g r a m )  which l i e s  e n t i r e l y  i n  t h e  f i r s t  q u a d r a n t  of 

v e l o c i t y  s p a c e  i n  a c o n e  of a n g l e ,  25'. T h i s  c o n t r a s t s  w i t h  t h e  90' case, 

i n  which some o f  t h e  p a r t i c l e s  are  i n  t h e  second  and  f o u r t h  q u a d r a n t s .  

S i n c e  t h e  s c a t t e r i n g  is symmet r i c ,  s t r a y  l i g h t  s c a t t e r e d  f rom t h e  p r i m a r y  

d u s t  b e a n s  can be a v o i d e d  by o r i e n t i n g  t h e  laser as shown w h i l e  p r e s e r v i n g  

si1 t h e  i n f o r m a t i o n  of a s c a t t e r i n g  e v e n t .  For e a c h  e v e n t  t w o  p u l s e s  

s h o u l d  o c c u r .  T h r e e  b i t s  of i n f o r m a t i o n  c a n  b e  o b t a i n e d  f o r  e a c h  e v e n t ;  

t h e  no rma l  v e l o c i t y  o f  e a c h  p a r t i c l e  ( p u l s e  w i d t h ) ,  t h e  r e l a t i v e  p a r t i c l e  

s i ze  ( p u l s e  h e i g h t )  and  t h e  time d e l a y  be tween p u l s e s .  I n i t i a l l y  t h e s e  

measurements  would be  r e c o r d e d  u s i n g  o s c i l l o s c o p e  pho tographs .  E v e n t u a l l y  

a u t o m a t i c  p u l s e  h e i g h t  and  w i d t h  a n a l y s i s  would b e  i n c o r p o r a t e d  t o  p r o v i d e  

a s t a t i s t i c a l  measure  o f  t h e  s c a t t e r i n g  spec t rum.  
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The riaxiinurn d i f f e r e n c e  i n  t h e  p a r t i c l e  v e l o c i t i e s  would p r o v i d e  a 

g e a s u r e  of  t h e  d i a m e t e r  o f  t h e  i n t e r a c t i o n  s p h e r e .  The mean v e l o c i t y  would 

s i v e  t h e  c e n t e r  of m s s  v e l o c i t y .  Knowing t h e s e  v a l u e s ,  o n e  c o u l d  t h e n  

s o l v e  f o r  t h e  k i n e t i c  e n e r g y  l o s t  t o  i n t e r n a l  e n e r g i e s  as  a r e s u l t  of 

c o l l i s i o n s .  As o n e  allows t h e  p a r t i c l e s  t o  assume a d i s t r i b u t i o n  of  s izes ,  

t h e  p u l s e  h e i g h t  i n f o r m a t i o n  can  be  f o l d e d  i n  t o  g i v e  a d e t e r m i n a t i o n  of 

t h e  mass i a t i o  of t h e  p a r t i c l e s  and t h e  r e l a t i v e  s ize  d i s t r i b u t i o n .  Due t o  

t h e  u n c e r t a i n t y  of t h e  r e f l e c t i v i t y  of t h e  p a r t i c l e s ,  a n  absolute size 

d i s t r i b u t i o n  o b t a i n e d  u s i n g  Ray le igh  s c a t t e r i n g  is  p r o b a b l y  n o t  p r a c t i c a l .  

E l e c t r o n  Emiss ion  Measurements  

1 As i n d i c a t e d  i n  Lafon  and  X o l l e t  , t h e r e  e x i s t s  a p o s s i b i l i t y  t h a t  

c o l l i s i o n s  o r  close e n c o u n t e r s  can  s t i m u l a t e  t h e  f i e l d  e m i s s i o n  of elec- 

t r o n s  ,From c h a r g e d  p a r t i c l e s .  These are  c i t e d  as  a p o s s i b l e  s o u r c e  of RF 

n o i s e  f roc1 S a t u r n ' s  r i n g s .  T h e r e f o r e  i n v e s t i g a t i o n  of t h i s  phenomench 

c o u l d  b e  f r u i t f u l  i n  d e t e r m i n i n g  t h e  merits o f  s u c h  a t h e o r y .  

Assuming t h a t  c h a r g e  flows f rom o n e  p a r t i c l e  t o  a n o t h e r  d u r i n g  a 

o n e  c a n  model t h e  r a d i a t i o n  s o u r c e  as  a s i m p l e  d i p o l e  whose f a r  c o l l i s i o n ,  

f i e l d  e l ec t r i c  f i e l d  is  g i v e n  by 

jw,uI h 

4-1- 
- j k r  s i n  6 e E ( r )  = 

where I = s o u r c e  c u r r e n t  (Amp.) 
0 

h = d i p o l e  h e i z h t  (n) 

r = d i s t a n c e  from s o u r c e  (rn) 

9 = p o l a r  a n g l e .  

For  a. nanosecond p u l s e  of 200 e l e c t r o n s  t r a v e r s i n g  a d i s t a n c e  of O . l ~ m  

from p a r t i c l e  t o  p a r t i c l e ,  t h e  f i e l d  a t  o n e  c e n t i m e t e r  is 2 x 10 -lo v / m .  

Fo r  a 3 c m  r e c e i v i n g  a n t e n n a ,  t h i s  r e s u l t s  i n  a G x 1 0 - l ~  v s i g n a l .  T h i s  
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s i g n 3 1  is e x c e e d i n g l y  small anti  i s  p r o b a b l y  n o t  m e a s u r a b l e  w i t h  any  t echno-  

l o g y  readi ly  a v a i l a b l e  t o  us .  Iiowever, a n o t h e r  p o s s i b l e  a p p r o a c h  is t o  

d i r e c t l y  elec- i::easurc? the electror,s r e l e a s e d  d u r i n g  a c o l l i s i o n  u s i n g  a n  

t r o n  m u l t i p l i c r  s y s t e m  similar t o  t h o s e  u s e d  i n  a p h o t o m u l t i p l i e r  t u b e .  

Siic!? d e v i c e s  have  L v p i c a l  g a i n s  of 10 t o  10 which would allow f o r  t h e  5 7 

n e a s u r e n e n t  of s i n g l e  e l e c t r o n s  i n c i d e n t  upon t h e  d e t e c t o r .  I f  t h e  collec- 

t o r  i s  b i a s e d  t o  a p o s i t i v e  v o l t a g e ,  say 100 v o l t s ,  i t  s h o u l d  be  a b l e  t o  

c o l l e c t  a majority of t h e  e m i t t e d  e l e c t r o n s  s i n c e  t h e  p a r t i c l e s  w i l l  be  

t y p i c a l l y  cha rged  Lo SOV o r  less. By c o n n e c t i n g  t h e  e l e c t r o n  m u l t i p l i e r  

o u t p u t  t o  a p u l s e  w i d t h  a n a l y z e r ,  a s p e c t r u m  o f  t h e  e l e c t r o n  e m i s s i o n  c a n  

be :t.i:crated. 

I t  ,yay a l s o  b e  p o s s i b l e  t o  u s e  s u c h  a d e t e c t i o n  scheme t o  measu re  t h e  

ciiargc on s i n g l c  par t ic les  t h a t  3re s c a t t e r e d  f rom t h e  c o l l i d i n g  beams. I f  

3 c o l l c c t i o n  p l a t e  i s  b i a s e d  a few v o l t s  n e g a t i v e l y ,  -any e l e c t r o n s  l i b e -  

r a t e d  by a p a r t i c l e - p l a t e  c o l l i s i o n  w i l l  be  d r i v e n  from t h e  s u r f a c e  and  

c o u l d  t h e n  be c o l l e c t e d  by t h e  e l e c t r o n  m u l t i p l i e r .  The p l a t e  is  needed  t o  

min imize  any c o n t a m i n a t i o n  of t h e  e l e c t r o n  m u l t i p l i e r  e l e m e n t s  by t h e  

p a r t i c l e s  t hemse lves .  i l s ing  t h i s  d e t e c t o r  o n e  c o u l d  g e t  a n  estimate of t h e  

c o l l i s i o n  f r e q u e n c y  of t h e  i n t e r a c t i n g  beams by c o u n t i n g  p u l s e s  c o l l e c t e d  

i n  a g i v e n  s o l i d  a n g l e .  i3y s c a n n i n g  i n  s p a c e  a p l o t  o f  p a r t i c l e  c o u n t  

v e r s u s  p o s i t i o n  c o u l d  be g e n e r a t e d .  However, t h i s  method would n o t  b e  a b l e  

t o  measu re  v e l o c i t y  or p a r t i c l e  s i z e  and  would n o t  p r o v i d e  as much 

i n f o r m a t i o n  a s  t h e  laser s c a t t e r i n g .  
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